Development of analytical techniques for studies on dispersion of actinides in the environment and characterization of environmental radioactive particles by Jernström, Jussi
University of Helsinki 
Faculty of Science 
Department of Chemistry 
Laboratory of Radiochemistry 
Finland 
 
 
 
 
 
 
 
 
DEVELOPMENT OF ANALYTICAL TECHNIQUES FOR 
STUDIES ON DISPERSION OF ACTINIDES IN THE 
ENVIRONMENT AND CHARACTERIZATION OF 
ENVIRONMENTAL RADIOACTIVE PARTICLES 
 
 
 
 
 
Jussi Jernström 
 
 
 
 
 
Academic Dissertation 
 
 
 
 
 
To be presented with the permission of the Faculty of Science of the University of 
Helsinki for public criticism in the lecture hall A129 of the Kumpula Department of 
Chemistry on  November 10th, 2006, at 13 o'clock. 
 
 
 
Helsinki 2006 
Custos 
 
Professor Jukka Lehto 
Laboratory of Radiochemistry 
Department of Chemistry 
University of Helsinki 
Finland 
 
 
Opponent 
 
Professor Sue B. Clark 
Department of Chemistry 
Washington State University 
USA 
 
 
Reviewers 
 
Professor Brit Salbu 
Isotope Laboratory 
Section Environmental Chemistry 
Department of Plant and Environmental Sciences 
Norwegian University of Life Sciences 
Norway 
 
Dr. Tarja K. Ikäheimonen 
Research and Environmental Surveillance 
STUK 
Finland 
 
 
 
 
 
 
 
 
ISSN 0358-7746 
ISBN 952-10-3458-0 (nid.) 
ISBN 952-10-3459-9 (PDF) 
http://ethesis.helsinki.fi 
 
Helsinki 2006 
Yliopistopaino 
ABSTRACT 
 
Radioactive particles from three locations were investigated for elemental composition, 
oxidation states of matrix elements, and origin. Instrumental techniques applied to the 
task were scanning electron microscopy, X-ray and gamma-ray spectrometry, secondary 
ion mass spectrometry, and synchrotron radiation based microanalytical techniques 
comprising X-ray fluorescence spectrometry, X-ray fluorescence tomography, and X-
ray absorption near-edge structure spectroscopy. 
 Uranium-containing low activity particles collected from Irish Sea sediments 
were characterized in terms of composition and distribution of matrix elements and the 
oxidation states of uranium. Indications of the origin were obtained from the intensity 
ratios and the presence of thorium, uranium, and plutonium. Uranium in the particles 
was found to exist mostly as U(IV). Studies on plutonium particles from Runit Island 
(Marshall Islands) soil indicated that the samples were weapon fuel fragments 
originating from two separate detonations: a safety test and a low-yield test. The 
plutonium in the particles was found to be of similar age. The distribution and oxidation 
states of uranium and plutonium in the matrix of weapon fuel particles from Thule 
(Greenland) sediments were investigated. The variations in intensity ratios observed 
with different techniques indicated more than one origin. Uranium in particle matrixes 
was mostly U(IV), but plutonium existed in some particles mainly as Pu(IV), and in 
others mainly as oxidized Pu(VI). 
 The results demonstrated that the various techniques were effectively applied in 
the characterization of environmental radioactive particles. 
 An on-line method was developed for separating americium from environmental 
samples. The procedure utilizes extraction chromatography to separate americium from 
light lanthanides, and cation exchange to concentrate americium before the final 
separation in an ion chromatography column. The separated radiochemically pure 
americium fraction is measured by alpha spectrometry. The method was tested with 
certified sediment and soil samples and found to be applicable for the analysis of 
environmental samples containing a wide range of 241Am activity. 
 Proceeding from the on-line method developed for americium, a method was 
also developed for separating plutonium and americium. Plutonium is reduced to 
Pu(III), and separated together with Am(III) throughout the procedure. Pu(III) and 
Am(III) are eluted from the ion chromatography column as anionic dipicolinate and 
oxalate complexes, respectively, and measured by alpha spectrometry. 
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 1 INTRODUCTION 
 
Ever since humans began to exploit nuclear technology weapons tests, nuclear fuel cycles, 
accidents and other sources have released radioactive elements into the environment. These 
anthropogenic radionuclides, together with cosmic, cosmogenic and terrestrial radionuclides, 
make up the background radiation in the world today. Determining the dose directed to a 
particular population requires understanding of the long-term behavior of radionuclides in the 
environment. 
 A large fraction of the radionuclides released from nuclear events is associated with 
particles. The most realistic size distribution of radioactive particles in the environment is log-
normal [Eriksson 2002, Shevchenko 2004], i.e., most of the released activity is carried by 
relatively few, large-sized particles. Although the release of radioactive particles from past 
nuclear incidents and their presence in the environment today are widely documented, the role 
of particles in estimating the significance of radioactive releases is not clear, nor do we fully 
understand the environmental processes related to particles [Pöllänen 2004]. The importance 
of analyzing radioactive particles along with bulk matter is nevertheless beyond question. 
 Development of analytical methods and the increased availability and performance of 
synchrotron radiation sources have vastly expanded our capability for studying environmental 
radioactive particles. These methods are mostly non-destructive, which means that the 
particles remain intact after analysis, and further investigations such as leaching experiments 
can be performed. 
 Separation of elements is a fundamental link in the chain of environmental analysis. 
Traditional methods for separation tend to be time-consuming, require large volumes of 
organic solvents or mineral acids, and embody the risk of cross-contamination. Development 
of separation resins for chromatography has made it possible to construct on-line separation 
procedures, which markedly reduce the weaknesses associated with traditional methods. 
 
 
1.1 Environmentally contaminated areas 
 
Anthropogenic radionuclides have entered the environment from various sources, including 
the use and testing of nuclear weapons, nuclear power production, nuclear accidents, disposal 
of radioactive waste, and the use of radionuclides as tracers of environmental processes 
[MacKenzie 2000, IAEA 2001]. The main contributor to both marine and terrestrial 
radioactivity is global fallout from nuclear weapons tests performed in the atmosphere, 
especially in the 1950s and 1960s [Livingston and Povinec 2000]. Nuclear fuel cycles 
contribute to the releases mainly at the stages of uranium mining and milling and nuclear fuel 
reprocessing [MacKenzie 2000]. Sanderson et al. (1997) have identified altogether 150 
accidents that have released radionuclides to the environment between 1945 and 1996. These 
accidents involve reactors and other nuclear facilities, satellites, nuclear weapons and large 
radiation sources. Waste disposal from various military and civilian operations has resulted in 
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 both marine and terrestrial contamination, as in Hanford, USA, and at the Mayak plant, 
Russia [MacKenzie 2000]. 
 The following sections describe three regions with radiological contamination from 
different sources which were of interest in this work. 
 
 
1.1.1 Irish Sea 
 
The British Nuclear Fuels plc (BNFL) establishments in Sellafield have released, under 
authorization, low-level radioactive waste into the north-eastern Irish Sea commencing in 
1952. According to Gray et al. (1995), 6.2·103 TBq of 90Sr, 4.1·104 TBq of 137Cs, 1.2·102 TBq 
of 238Pu,  6.1·102 TBq of 239,240Pu, 2.2·104 TBq of 241Pu and 5.4·102 TBq of 241Am were 
discharged to the Irish Sea over the period 1952-1992. The peak period for the releases was in 
the 1970s; since then the level of discharges has generally been reduced [Betti et al. 2004]. 
The introduction in 1994 of a treatment plant for removing actinides from discharge solutions 
(Enhanced Actinide Removal Plant, EARP) created an increase in discharges of 99Tc until in 
2004 the discharge levels began to diminish due to re-engineering of the reprocessing cycle 
[BNFL 2002, BNFL 2005]. 
The major part of the discharged waste originates from two sources: from the cooling 
ponds, where the spent Magnox fuel elements are stored prior to re-processing, and from the 
‘sea tanks’, where low-level liquid wastes are collected and neutralized before being 
discharged [Kershaw et al. 1986]. Since 1985 the effluents from the cooling ponds have been 
treated in the Site Ion Exchange Effluent Plant (SIXEP) to reduce the annual discharges of 
cesium and strontium radionuclides. Actinides, namely neptunium, plutonium, americium and 
curium, detected in both cooling pond water and ‘sea tank’ water, are mostly associated with 
particulate matter [Pentreath et al. 1984]. Hamilton (1998) classified the significant sources of 
alpha emitting nuclides in Irish Sea sediments into three categories. The highest level of 
activity is associated with hot particles, typically less than 20 μm × 50 μm in size, originating 
from spent nuclear fuel debris from the BNFL plant. Charateristically these particles contain 
uranium together with plutonium, americium and curium as major alpha emitters and have 
low content of daughter nuclides of the uranium and thorium series. The other significant 
components containing alpha emitters are the iron minerals hematite and magnetite and 
hydrated iron oxides [Hamilton and Clifton 1985]. 
A number of factors, such as the chemical form of the radionuclides in the Sellafield 
effluents, local hydrographical conditions, the composition of bottom sediments and 
variations in the discharge rate, affect the dispersion of the radionuclides to the marine 
environment. Nuclides like 90Sr, 99Tc and 137Cs that are relatively soluble in seawater behave 
conservatively, remain in the seawater, and are advected toward the North Sea, European 
coastal waters and the Arctic Seas. Non-conservative nuclides such as plutonium and 
americium, which are released in particulate or hydrolyzed form, are quickly removed from 
the water column by direct precipitation or scavenging by suspended particulate matter 
[Hetherington 1976, Leonard et al. 1999, Mitchell et al. 1999]. 
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  The Sellafield establishments release the low-level effluents into the sea via pipelines, 
which extend about 2500 m from the high water mark. The bottom sediments around the 
discharge pipes are distributed in broad bands running roughly parallel to the coastline, 
extending from an offshore muddy sand (10-30% silt-clay content) to progressively finer 
muds (up to 75-85% silt-clay content), before coarsening again close inshore (muddy sand, 
20-30% silt-clay content, underlain by a layer of shell gravel) [Hughes and Atkinson 1997]. 
During the peak period of releases, virtually all of the discharged 241Am, along with 
some 90% of the Pu and 10% of the radiocesium, was initially incorporated in a deposit of 
fine sediment close to the discharge point, now called the Sellafield ‘mud patch’ [MacKenzie 
et al. 1998]. With dissolution from the sediment surface and resuspension of particles being 
the main forms of remobilization, significant dissolution of cesium has occurred since the 
major reduction in releases in the 1980s, whereas plutonium and americium have mostly 
persisted in the sediments [Hunt and Kershaw 1990, MacKenzie et al. 1999, Ryan et al. 
1999]. Most of the plutonium in the sediment inventory exists in reduced oxidation states 
Pu(IV) and Pu(III) [Baxter et al. 1995], while the mobile sea water fraction contains mainly 
Pu(V). Sellafield effluents have also been found to contain colloidal forms of Pu(IV) and 
Am(III), which persist in sea water [Salbu et al. 1993, Leonard et al. 1995]. 
Uranium behaves conservatively in sea water, and is present in uniform concentration 
in the ocean. Because the concentration of uranium in seawater is everywhere ~3 µg l-1, 
detection of Sellafield uranium through measurement of the natural uranium isotopes is 
difficult [Hamilton and Stevens 1985]. The discharges from Sellafield contain uranium 
isotope 236U, which is produced by neutron irradiation of uranium. This nuclide is a useful 
marker for anthropogenic uranium in the environment. Marsden et al. (2001) studied the 
distribution of 236U in intertidal sediment profiles from the Irish Sea by accelerator mass 
spectrometry (AMS). Their results suggested that no significant remobilization of uranium 
from the sediments had taken place. 
 
 
1.1.2 Runit Island (Marshall Islands) 
 
From 1946 through 1958, the United States conducted a total of 65 atmospheric nuclear 
weapons tests on Bikini and Enewetak Atolls within the Republic of the Marshall Islands. The 
nuclear test program included air drops (4), barge detonations (35), tower detonations (13), 
surface detonations (10), and underwater detonations (3). The total yield for all tests 
conducted on Bikini and Enewetak Atolls was 109 Mt with an estimated fission yield of 53% 
[UNSCEAR 2000, Hamilton 2004]. A safety test (barge detonation) and three detonations at 
Enewetak Atoll resulted in no or little (< 1 kt) fission yield. A safety test is an experiment 
designed to confirm that a nuclear explosion will not occur in case of an accidental detonation 
of the explosive associated with the device [USDOE 2000]. Although Bikini Atoll hosted the 
most powerful detonations, the largest number of nuclear tests, 43 of the total 65, were 
conducted at Enewetak Atoll. Eighteen of these tests, which 13 had fission yield less than 
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 100 kt and 4 had fission yield less than 10 kt, were conducted in Runit Island and its adjoining 
reef [Noshkin and Robison 1997, Noshkin et al. 1998, USDOE 2000]. 
 Runit Island is located on the eastern perimeter of the Enewetak Atoll. Due to its 
history of nuclear testing, it bears the most severe radiological contamination amongst the 
islands. A large part of the plutonium activity in the surface soil originated from two specific 
tests conducted in August of 1958 as a surface detonation. In the Quince test only the 
explosive component of the device was detonated, with no fission yield, but nuclear fuel 
particles were widely spread over the island’s surface. The Fig test, which was conducted a 
few days later at the same spot, had a minor fission yield of 20 t. In addition to these tests, a 
safety test (Scaevola) with zero fission yield was conducted in 1958 on a barge in the vicinity 
of Runit Island [Noshkin et al. 1998, USDOE 2000, Robison et al. 2001]. 
The source of radioactivity can be assessed from atom or activity ratios of isotopes. 
As an example, weapons-grade plutonium has a characteristic 240Pu/239Pu atom ratio of less 
than 0.07, which is lower than the corresponding ratio of ~0.18 in the global fallout [Krey et 
al. 1976, Kelley et al. 1999]. The 240Pu/239Pu atom ratio at the Bikini Atoll has been measured 
at close to 0.3 [Muramatsu et al. 2001], which is similar to the ratio measured in the fallout of 
the 15 Mt (yield 66%) Bravo thermonuclear test conducted in March of 1954. The Bravo test 
is the major source of contamination at Bikini Atoll. Muramatsu et al. (2001) have measured 
low 240Pu/239Pu atom ratios of 0.065 in soil samples taken from Runit Island, which they 
assigned to a safety test conducted in the 1950s. 
The 240Pu/239Pu ratio depends on the fission yield of a detonation. A higher yield 
produces more 240Pu through the neutron capture of 239Pu, and thus increases the ratio. The 
ratio in the weapons-grade material is low because the amount of 240Pu, which absorbs 
neutrons and thus hinders the fission efficiency, has to be as low as possible. It has also been 
observed that detonations with low fission yield (<100 kt) produce fallout in which the 
240Pu/239Pu ratio does not vary from that in weapons-grade material [Cooper et al. 2000]. 
Table 1 below presents typical 240Pu/239Pu atom ratios determined in different sources of 
activity. 
 
Table 1. Typical 240Pu/239Pu atom ratios in various sources. 
Source 240Pu/239Pu atom ratio 
Kyshtym, weapons-grade Pu 0.028 [Beasley et al. 1998] 
Semipalatinsk-21 and Novaya Zemlya,        
low-yield tests (<100 kt) 0.044 [Beasley et al. 1998] 
Thule accident 0.027-0.057 [Dahlgaard et al. 2001] 
Sellafield, discharged waste 0.184 [Kershaw et al. 1990, 1995] 
Global fallout 0.173-0.185 [Kelley et al. 1999] 
Marshall Islands, Bravo test 0.318-0.338 [Muramatsu et al. 2001] 
Chernobyl accident 0.563 [Kirshner and Noack 1988] 
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  The coral soil of Runit Island, as in the Marshall Islands in general, is made up almost 
entirely of calcium carbonate (CaCO3), with some MgCO3 and essentially no silicate clay. 
The carbonate matrix contains both the calcite and aragonite forms. The soil components 
include, by weight, 25% coral, 35% forams, 30% algae, and 10% mollusk shells [Emery et al. 
1954, Robison et al. 1999]. 
 
 
1.1.3 Thule (Greenland) 
 
In 1968 an aircraft carrying four thermonuclear weapons crashed on sea ice in Bylot Sound, 
close to the Thule Air Base in north-west Greenland. Disintegration of the weapons in the 
explosion following the crash did not produce any fission yield; however, fissile material, i.e., 
uranium and plutonium, was spread in the surrounding area. Where the ice cover melted, 
radioactive debris dropped to the sea below and spread over the bottom sediments. Although 
most of the activity was cleaned from the ice cover, part remained, and after melting of the ice 
was transported in water. All together an underwater area of  ~2.23·105 m2 (5-15 TBq of Pu) 
is estimated to have been contaminated due to the accident [Strand et al. 1998, Eriksson 
2002]. 
 The accident created local contamination; the main sources for anthropogenic 
radioactivity in Greenland are global fallout, the discharges from Sellafield, and the 
Chernobyl accident [Aarkrog et al. 2000]. At first it was believed that the contamination was 
in the form of plutonium oxide particles [Aarkrog et al. 1987, Holm 1988]. However, recent 
studies have shown that the particles contain a mixture of uranium and plutonium [Eriksson et 
al. 1999, Moring et al. 2001, Eriksson 2002]. Variations in the measured 240Pu/239Pu atom 
ratios also indicate that plutonium from the weapons has at least two different origins 
[Mitchell et al. 1997, Dahlgaard et al. 2001, Ikäheimonen et al. 2002]. The original form of 
the fissile material remains somewhat unclear [Lind et al. 2005]. 
The sea bottom, at depth of 185 m at the point of the accident, consists of benthic 
sediment, rich with clay, sand and stones. The abundant fauna, which includes large 
polychaetes, sea stars, molluscs and crustaceans, causes bioturbation, which effectively mixes 
the sediment matrix [Ikäheimonen et al. 2002]. Dahlgaard et al. (2001) found systematic 
mixing of plutonium in the upper 3-5 cm of sediment, whereas in the deeper layers, below the 
1968 activity injection, the concentration gradually decreases. Large variations in the 
measured plutonium activities in cores indicate the presence of ‘hot’ particles. 
 The solubility of plutonium from the oxide particles in the sediment environment at 
Bylot Sound appears to be low. Measured 240Pu/239Pu activity ratios in the water column are 
similar to the ratio from global fallout at that latitude, i.e., 0.04 [McMahon et al. 2000]. 
Plutonium concentrations in the analyzed sediment biota are, in general, one or two orders of 
magnitude lower than in surface sediments, indicating low bioavailability of the weapons 
plutonium [Dahlgaard et al. 2004]. These findings are supported by recent studies on 
oxidation states in separated particles, which have shown uranium and plutonium to exist in 
the particle matrix mainly in reduced form [Lind et al. 2005, Publication III]. 
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 1.1.4 Uranium and plutonium in sediments 
 
Degradation of organic matter, bacterially mediated redox reactions such as the reductive 
dissolution of iron and manganese oxyhydroxides, and sulfate reduction with subsequent 
production of dissolved and insoluble sulfides are the major diagenetic processes affecting the 
solubility and mobility of elements in sediments. Redox transformations are particularly 
important in the case of uranium and plutonium, which have multiple oxidation states [Lucey 
et al. 2004]. Sediments can be considered as a heterogeneous mixture of dissimilar particles, 
consisting of a variety of components, including quartz, feldspar, carbonates, organic matter, 
iron and manganese oxyhydroxides, sulfides, and clays. These components are usually coated 
with organic substances and with hydrous manganese and iron oxides [Förstner 1990, Lucey 
et al. 2004]. 
 In oxic aqueous environments, uranium exists predominantly in the hexavalent state as 
UO22+, but in anoxic waters, in the presence of reducing agents, it is reduced to U(IV). In 
sediments the reduction of U(VI) to U(IV) occurs mainly through the oxidation of organic 
matter (OM), and results in the formation of sparingly soluble mixed uranium 
oxides/hydroxides, and association of U(IV) with various phases including organic matter 
(biosorption), minerals (e.g., pyrite and galena), and carbonates [Duff et al. 1997, Duff et al. 
1999]. Uranium is reduced together with iron and manganese, which leads to the removal of 
uranium from interstitial water at the same sediment depth as iron and manganese are 
dissolved. At greater depths in the sediment the OM-bound uranium is released, while the 
organic matter with which it is associated is oxidized and the alkalinity of the interstitial water 
increases accordingly [Hamilton-Taylor et al. 1993]. The consequent redox conditions in the 
OM-depleted sediment layers determine the mobility of uranium. 
 Plutonium is found in oxic waters in the pentavalent state as PuO2+. Under reducing 
conditions Pu(IV) is environmentally the most significant species. In the presence of 
enhanced levels of organics, Pu(III) is the dominant state and is often complexed to humic 
material [Choppin and Wong 1998]. Malcolm et al. (1990) studied shelf sediments in the 
north-eastern Irish Sea, and found plutonium in interstitial water to be in equilibrium with the 
solid phase plutonium concentrations, the distribution factor varying with the carbonate 
content of the solid phase. In their sequential extraction study, Lucey et al. (2004) found 
plutonium in a sediment core retrieved from the north-eastern Irish Sea to be mainly 
associated with carbonates, and in deeper, anoxic sediment layers also with readily oxidizable 
geochemical phases. The findings indicated that the association of plutonium in the sediments 
is sensitive to changes in redox and pH conditions. 
 Upward migration, mainly by ionic or molecular diffusion, is one route for the mobile 
forms of radionuclides to move from sediment into sea water [Bonatti et al. 1971]. At elevated 
carbonate alkalinities, hexavalent uranium forms soluble and stable carbonate complexes, 
which have a low tendency for sorbing to sediments in near-neutral pH conditions [Duff and 
Amrhein 1996, Kaplan et al. 1998, Duff et al 1999, Tokunaga et al. 2005]. The role of the 
mobility of soluble organic U(VI) complexes in interstitial waters has been discussed, 
although the diffusion rate of high molecular mass species in sediments is likely to be low 
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 [Hamilton-Taylor et al. 1993, Tokunaga et al. 2005]. In oxic conditions, the plutonium species 
PuO2+ does not readily form complexes and is resistant to hydrolysis, and thus has high 
probability for migration. 
 In anoxic sediment environment, relatively soluble mixed hydroxocarbonato 
complexes of uranium and plutonium may be present in carbonate-rich anoxic or reducing 
waters, but the concentrations of these species would be very low compared with the 
concentrations of hydrolyzed actinide species [Choppin and Wong 1998]. 
 
 
1.2 Characterization of environmental radioactive particles 
 
Characteristics of environmental radioactive particles, i.e., activity and atom/activity ratios, 
are related to the origin, whereas properties such as size distribution, shape, crystalline 
structures, and oxidation states of matrix elements, also depend on the specific conditions of 
release [Salbu et al. 2004]. Isotopic ratios, as well as elemental distribution in a particle, act as 
a fingerprint for distinguishing particles from different sources. Particle characteristics 
produce information on the conditions of the origin as well as the environmental pathways 
related to the history of the particle. They are also an essential part of nuclear forensic 
investigations, where uranium and plutonium isotopic ratios give important information for 
tracing the origin of nuclear fuel material [Wallenius 2001]. Not only environmental 
conditions, such as pH, redox conditions, microbial activity and concentration of interacting 
agents but also particle morphology, matrix crystallinity, and oxidation states of elements in 
the particle matrix determine weathering rates, mobilization, and biological uptake of 
radionuclides [Salbu et al. 2004, Török et al. 2004]. Temperature and pressure and other 
release conditions affect the formation and structure of the particles. This was found with 
uranium-containing particles stemming from the Chernobyl accident. These contained UO2 
cores with a surface of either reduced uranium formed during the explosion at high pressure 
and temperature, or oxidized, more mobile U3O8/U2O5 formed during the subsequent fire 
[Salbu et al. 2001]. 
 The analytical chain of methods for characterizing environmental radioactive particles 
begins with the separation and localization of individual particles from bulk matter. Once 
separated, various methods are available for the determination of activity, isotopic ratios and 
matrix properties; for visualization of the particle and study of its morphology; for the 
determination of two- and three-dimensional elemental composition; and for the 
determination of the oxidation states of matrix elements. The following sections present a 
short introduction to the different methods and techniques used in the present work. 
 
 
1.2.1 Separation and localization of particles 
 
Particles stemming from anthropogenic sources of contamination are often more easily 
separated than particles that contain radionuclides only from a natural decay series. Single 
particles that contain plutonium and americium can be separated by the sample splitting 
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 method [Eriksson 2002], and further localized with a beta camera [Ljunggren and Strand 
1990]. If, however, the sample contains particles with too low activity for gamma-ray 
spectrometry or a large amount of particles with similar activity, or if particles in the sample 
lack nuclides that can be measured by gamma-ray spectrometry (e.g., 241Am), then the 
appropriate method for separating and localizing particles is autoradiography with solid-state 
nuclear track detection (SSNTD) films [USAF 1970]. 
 
 
Sample splitting method 
 
Particles containing a sufficient amount (>0.1 Bq) of 241Am can be separated from bulk matter 
by sample splitting method. This technique utilizes the decay of plutonium isotope 241Pu to its 
daughter nuclide 241Am, which can be measured by gamma-ray spectrometry. After the 241Am 
activity has been identified, the sample is split into two or more equal aliquots, and re-
measured, with the non- or less-radioactive part discarded. 
 
 
Beta camera 
 
The beta camera [Ljunggren and Strand 1990] is a detector for on-line digital detection of 
charged particles (α, β particles, conversion electrons) and low energy X-rays from thin 
samples. The sample is mounted in close contact with a thin scintillator, which lies on top of 
an image photon detector (see Figure 1). The ionizing particle produces scintillation photons 
in the scintillator. Light is transported through the fiber-optic face-plate to a photocathode, 
and the photocathode produces electrons which are multiplied by the microchannel plates. 
The signal is thereafter collected at the anode and the position of the event is determined in 
the same way as for an ordinary scintillation camera. 
 
 
 
Figure 1. Principle of the beta camera [Ljunggren and Strand 1990]. 
 
 The beta camera has proven to be a useful tool in localizing and identifying 
radioactive particles released to the environment [Eriksson et al. 2002]. The technique is 
quick; a particle containing 2 Bq of plutonium can be localized in less than 30 minutes 
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 (Figure 2). This is much faster than film autoradiography, and processing is not required 
before the radionuclide or radioactive particle distribution in the sample is determined. 
 
 
Solid state nuclear track detection 
 
Solid state nuclear track detection (SSNTD) technique has been widely used in scientific and 
technological areas, including ion reactions, fission studies, astrophysics, dating, mineral 
exploration, radon and neutron dosimetry, and radiography [Khan and Qureshi 1999]. In 
SSNTD applications, particles from nuclear disintegrations form tracks in detectors of various 
materials, such as plastic, mineral or glass. After the exposure, the tracks are enlarged to 
visible size by etching them chemically with alkaline solution [Durrani and Bull 1987, Carbol 
et al. 2003]. 
 
Beta camera SSNTD film 
 
Figure 2. The left-hand screen image illustrates a Pu particle exposed to the beta camera detector for 
one hour. The spot from the actual particle is seen to the right of the cluster of five smaller spots, 
which are created with a mechanical tool for exact positioning of the particle [Eriksson 2005]. The 
right-hand image presents a star-shaped cluster of alpha tracks formed in the surface of an SSNTD 
film (CN85). The uranium particle separated from Irish Sea sediment was exposed to the film for eight 
days [Publication I]. 
 
 Films of cellulose nitrate have been used in the detection of alpha radiation emitted 
from environmental particles [Carbol et al. 2003, Publication I]. Being structurally flexible, 
the films are easy to mount on top of the sample. Cellulose nitrate films are sensitive to alpha 
and heavy ion particles, which induce latent damage (tracks) in the polymeric structure of the 
film. Etching the film with hot alkaline solution enlarges the tracks sufficient for them to be 
clearly visualized with an optical microscope. Particles emitting alpha radiation are 
recognized from the star-shaped patterns on the film (Figure 2). By assuming that the 
detection probability of alpha particles in the SSNTD film is 100% [Durrani and Bull 1987], 
and the geometrical detection efficiency is 40%, the activity of the particles can be estimated 
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 from the amount of the tracks, the detection limit of the method being at the level of 10-6 Bq 
[Carbol et al. 2003]. 
 
 
1.2.2 X-ray and gamma-ray spectrometry 
 
Intrinsic germanium detectors are extensively used in X-ray and gamma-ray spectrometry. 
The detector is a positive-intrinsic-negative (PIN) diode, which is composed of a cylinder of 
germanium with n-type and p-type contacts (electrodes) on the surfaces. The Ge material can 
be either n-type or p-type, depending on the concentration of donor or acceptor atoms in the 
crystal. With a moderate reverse bias the entire volume between the electrodes is depleted, 
and an electric field extends across this active region. Photon interaction within this region 
produces charge carriers which are swept by the electric field to their collecting electrodes, 
where a charge sensitive preamplifier converts the charge to a voltage pulse proportional to 
the energy deposited in the detector [Debertin and Helmer 1988]. 
 The most common form of high purity germanium (HPGe) detector consists of a p-
type crystal with thicker n-type contact on the outer surface and p-type contact on the inner 
surface. Owing to the attenuation properties of the n-type outer contact layer, this type of 
detector is used for measuring higher energies, the low energy range beginning from about 
40-50 keV. The n-type HPGe detectors, with inverse contact order, are more suitable for 
measuring lower energies. Often they are applied with a window made of material such as 
beryllium, with high transmission at low energies [Keyser and Twomey 2005]. 
 It is sometimes useful to measure the X-ray/gamma-ray spectrum of an environmental 
particle as a follow-up step after separating and localizing the particle. The procedure is 
simple, and it gives first-hand information about the composition, and history, of the particle. 
Observed gamma-ray lines of fission products, e.g., 137Cs and 154Eu, indicate an origin in 
nuclear reactors or in weapons exploded with fission yield. The burn-up of nuclear fuel can be 
determined from activity ratios of refractory nuclides such as 141Ce and 144Ce. The origin of a 
particle can be interpreted from the 240Pu/239Pu ratio, which is determinable with gamma-ray 
spectrometry from samples containing a sufficient amount of plutonium. 
 In the measurement of X-rays and low-energy gamma-rays, in addition to selection of 
the correct detector, the attenuation caused by the sample has to be taken into account. This is 
important for samples of high density, such as uranium and plutonium oxide particles. In 
these cases, performing a proper efficiency calibration may be problematic. However, if the 
sample contains nuclides with peaks at suitable energies, internal efficiency calibration may 
be used [Publication II]. 
 
 
1.2.3 Scanning electron microscopy 
 
In a scanning electron microscope (SEM), high energy incident electrons interact with 
loosely-bound conduction band electrons in the sample. These secondary electrons are 
released from the sample, attracted and collected by a positively biased grid or detector, and 
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 translated into a signal. To produce a SEM image, an electron beam is swept across the area 
being inspected. Many signals are produced, which are then amplified, analyzed, and 
translated into images [Goldstein et al. 2003]. 
 SEM is a common tool for visualizing and studying chemical and physical properties 
of particles. These properties, including size, morphology, structure, and surface elemental 
composition, are related to the aging behavior and mobility of the particle in its environment. 
The spatial resolution is at nanometer scale, which enables close examination of structural 
elements on the surfaces of particles. Recent developments, such as manipulation devices 
mounted inside microscopes [Kaegi and Holzer 2003], enable more thorough investigation of 
particles with size at micrometer scale. 
 Particles containing heavy elements can easily be located in the sample material by 
detection of backscattered electrons. Backscattering is caused by coulombic attraction 
between beam electrons and nuclei in the sample, which deflects the electrons’ path. The 
scattering angle is dependent on the Z of the nucleus involved, and therefore the yield of 
collected electrons, or brightness of the image, increases with the Z of the area of interest 
[Goldstein et al. 2003]. The left-hand image in Figure 3 presents an example in which a 
plutonium-rich particle a few tens of micrometers in diameter is clearly discernible as a 
shining point in the dark gray sediment environment. 
 
 
 
SEM image set EDX/WDX spectrum 
 
Figure 3. The left-hand image set shows a plutonium particle shining among grayish sediment 
particles. Detection was with a backscatter detector. Below is the measured EDX spectrum, presenting 
Pu M X-ray lines above 3 keV, with overlapping Ca K lines [Publication II]. The right-hand image 
shows the difference in resolution between an EDX spectrum (lighter shade) and a WDX spectrum 
(darker shade) [Publication III]. The peaks are M lines of U and Pu. The spectrum is not related to the 
particle shown in the SEM images on the left. 
 
 A SEM equipped with an energy/wavelength dispersive X-ray (EDX/WDX) 
spectrometer enables the determination of elemental composition of the surface area of 
interest. During EDX/WDX analysis, beam electrons interact with sample atoms by ionizing 
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 the inner shell electrons, and the emitted fluorescence is detected. The difference between 
EDX and WDX instruments is that the former uses a Si(Li) detector with a multichannel 
analyzer (MCA), while the latter relies on the diffraction of the produced X-rays in a crystal 
lattice, and the X-ray quanta are detected with a proportional counter [Goldstein et al. 2003]. 
Unlike WDX, which measures one element at a time, the EDX spectrometer measures the 
whole X-ray spectrum simultaneously. The energy resolution of EDX is rather poor, however, 
and the overlap of spectral lines of other elements has to be taken into account (Figure 3). 
Ciurapinski et al. (2002) analyzed uranium- and plutonium-containing particles using EDX as 
a tool searching for and preliminarily selecting interesting particles for analysis with WDX, 
which has the capability of measuring spectra with high resolution (Figure 3), high peak to 
background ratios, and lower detection limits. 
 
 
1.2.4 Synchrotron radiation induced analytical techniques 
 
X-ray analysis is used to obtain information on the chemical composition and physical nature 
of materials. X-ray absorption spectroscopy (XAS), X-ray diffraction (XRD), X-ray 
fluorescence (XRF) and X-ray photoelectron spectroscopy (XPS) are all non-destructive and 
require little sample preparation. X-rays are conventionally produced by X-ray tubes or 
radioisotopes such as 109Cd. In recent years, synchrotron radiation (SR) has increasingly been 
used as the X-ray source [Jenkins and Snyder 1996, Van Grieken and Markowicz 2002, Watts 
and Wolstenholme 2003]. 
 Synchrotron radiation is photons emitted from charged particles forced to move in a 
circular orbit at relativistic velocities. The particles are confined to the orbit by a series of 
bending magnets separated by straight sections. As the particles are deflected through the 
magnetic field created by the magnets, they give off electromagnetic radiation, so that a beam 
of SR is produced at each magnet. After the beam has been monochromated to a certain 
wavelength, it is focused and directed according to the application. 
 SR has several unique properties that can be utilized in X-ray analysis: high photon 
intensity, high brilliance (a quantity that measures the combination of flux, source size, and 
angular divergence of the light), and wide energy spectrum. These properties allow deeper 
penetration of the X-ray beam, lower detection limits, and measurement of heavier elements 
[Van Grieken and Markowicz 2002]. These qualities, combined with sophisticated optics at 
the synchrotron beamlines, which have reduced the diameter of the focused beam even to sub-
micron level, make the use of synchrotron radiation feasible in the analysis of environmental 
radioactive particles. In the SR applications mentioned below, the prefix micro means that 
localized regions of a sample are investigated with spatial resolutions on micrometer scale. 
 
 
Micro X-ray fluorescence spectrometry 
 
In the photoelectric effect, an atomic electron absorbs all the photon's energy equal to or 
larger than the electron’s binding energy, and the electron is ejected from its orbital. An 
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 electron from a higher orbital of lower energy level will then transfer into the vacant lower 
orbital of higher energy level. These transitions give off characteristic X-rays, whose energy 
is the difference between the two binding energies of the corresponding electron shells 
(Figure 4). In the X-ray fluorescence spectrum, peak intensity is relative to element 
concentration [Van Grieken and Markowicz 2002]. 
 
 
Figure 4. Principle of X-ray fluorescence (modified from [Rigaku 2005]). 
 
 Compared with SEM applications, which are limited to surface observations, the 
energetic, high-intensity X-ray photons of SR-based µ-XRF (SR-µ-XRF) provide an 
information depth about 100 times greater, and the sensitivity, in terms of element 
concentration, is in the region of 100 ppb [Rindby et al. 1997, Rindby et al. 2003]. In studies 
related to environmental particles, SR-µ-XRF has commonly been applied for qualitative, or 
semi-quantitative elemental mapping [Rindby et al. 1997, Toyoda et al. 2004, Lind et al. 
2005, Publications I, II, III]. Quantitative analysis with ‘fundamental parameter’ algorithms 
[Criss and Birks 1968] is relatively straightforward as long as the sample matrix is 
homogeneous and known, and the sample size and the beam-sample-detector geometry are 
known and constant. However, samples with complex topology and heterogeneous matrix, 
e.g., environmental particles, require more sophisticated modelling. As an example, Vincze et 
al. (2002a) used Monte Carlo simulations for dealing with essential issues related to energy 
and spatial distribution of the X-ray beam, interactions between fluorescence photons and 
sample elements, and the effect of particle size and topology. 
 SR-µ-XRF spectrometry can be applied as a semi-quantitative tool by scanning the 
emitted fluorescence over an area containing the particle. This produces elemental intensity 
maps, from which elemental distribution and intensity ratios relevant to the origin of the 
particle are obtained. At the Fluo-Topo beamline in the ANKA SR facility in Karlsruhe, 
Germany [Simon et al. 2003], beam energy up to 30 keV is available, allowing the excitation 
of all L electrons of actinides. With optical devices such as compound refractive lenses (CRL) 
[Snigirev et al. 1996], which allow the suppression of the SR beam diameter down to ~1 µm, 
high spatial resolution is achieved, and two-dimensional (2D) elemental distribution in the 
particle matrix can be studied in detail. 
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 Micro X-ray fluorescence tomography: Absorption corrected X-ray fluorescence 
emission computer microtomography imaging 
 
The interpretation of 2D images obtained from XRF scans is not straightforward because the 
detection of characteristic X-rays strongly depends on the sample material and its 3D 
structure, which is often unknown. Thus, the depths from which the measured X-rays 
originate may be undefined. With X-ray fluorescence computed tomography (XFCT) 
applications, the 3D elemental distribution in a sample is determined through systematic 
single-point measurements and sample rotations. Use of SR to evoke the fluorescence 
radiation allows the detection at micrometer resolution in trace quantities [Boisseau 1986, 
Golosio et al. 2003, La Rivière 2004, Vekemans et al. 2004, Vincze et al. 2004]. Quantitative 
tomographic reconstruction requires correction for attenuation effects, both for the incident 
microbeam and the fluorescence radiation excited inside the sample [Schroer 2001, 
Wegrzynek et al. 2005]. 
 
 
 
Figure 5. (a) Experimental geometry in a fluorescence microtomography 
measurement. (b) Tomographic data (sinogram) for potassium Kα (3.31 
keV) fluorescence. The fluorescence intensity is plotted as a function of 
translational position r (horizontal axis, 128 steps, 6 µm / step) and rotation 
angle φ (vertical axis, 152 rotations over 360°) [Schroer 2001]. 
 
 In conventional microprobe experiments, a thin slice or a surface of a specimen is 
scanned by the microbeam, requiring the sample to be prepared in such a way as to bring the 
regions of interest to the surface. In an XFCT experiment, a beam illuminates a thin line 
through the sample, stimulating emission of fluorescence X-rays from any element whose 
electron's binding energy is equal to or below the beam energy. Referring to Figure 5a, a 
single tomographic projection is obtained by scanning a sample through the X-ray microbeam 
in translation along the axis r. After each projection, the sample is rotated by a fixed fraction 
of 360° and the next projection is recorded. This is repeated until a full rotation is completed. 
At each step the X-ray fluorescence being excited along the microbeam is recorded by an 
energy dispersive detector, which is placed at 90° to the incident beam to reduce detection of 
Compton and Rayleigh scattering. Two detectors, one before and one after the sample, are 
used, respectively, for normalization and to measure the transmission [Schroer 2001]. The 
tomographic image is reconstructed from the obtained fluorescence intensities, or a sinogram 
 14
 (Figure 5b), with different mathematical algorithms [Hogan et al. 1991, Yuasa et al. 1997, 
Rust and Weigelt 1998, Schroer 2001, Golosio et al. 2003, Wegrzynek et al. 2005]. With new 
X-ray focusing optics and sources, XFCT can deliver spatial resolution of 1 µm3. This allows 
revealing detailed elemental distribution at sub-femtogram detection levels inside particles of 
micrometer size, and thus predicting the fate and transport of elements of interest in the 
environment [Vincze et al. 2002b, Naghedolfeizi et al. 2003, Camerani et al. 2004]. 
 
 
Micro X-ray absorption near-edge structure spectrometry 
 
When a sample is exposed to X-rays, a portion of the X-rays will be absorbed. Measuring the 
amount of absorption with increasing X-ray energy reveals monotonic decrease of absorbance 
with occasional increases, so-called absorption edges. These steplike rises occur where the X-
ray energy has come into resonance with an atomic core electron shell of one of the elements 
in the sample, exciting the electron into the unoccupied states. The X-ray absorption spectrum 
is generally divided into two regions: 1) X-ray absorption near-edge structure (XANES) (or 
near-edge X-ray absorption fine structure, NEXAFS) and 2) extended X-ray absorption fine 
structure (EXAFS). The XANES region includes the vicinity (50-100 eV) of the absorption 
edge, while the EXAFS region covers the energy range from 20 to 50 eV above the edge to 
higher energies (Figure 6) [Bianconi 1988, Durham 1988, Conradson 1998]. 
 XANES is an established technique for the study of oxidation states and local 
chemical environment. In the XANES process, a core electron excites to a continuum 
possessing low kinetic energy. The excitation of the core electron follows the dipole selection 
rule ∆l = ±1; that is, in the case of K-shell excitation a 1s electron is promoted to a local p-
orbital. The measured quantity, or photoabsorption cross section, establishes the local density 
of unoccupied electronic states, which are probed by multiple scattering of the excited 
electron. The binding energies of the valence orbitals, and therefore the energy position of the 
edge and the spectral features, are correlated with the valence state of the absorbing atom. 
With increasing oxidation state the absorption features shift to higher energies (Figure 6, right 
side). As an example, an average increase of 1.68 eV per formal oxidation state increase has 
been observed when scanning the Pu LIII edge [Conradson et al. 1998]. XANES spectra are 
commonly compared with spectra of standards to determine which oxidation states are present 
in a sample. Once the oxidation states are identified, their relative abundance is quantified by 
use of linear-combination fitting (or other curve-fitting algorithms) using XANES standards 
to reconstruct the experimental data [X-ray Spectroscopy 2005]. 
 X-ray absorption spectroscopy is useful for concentrations ranging from about 10 ppm 
to major element concentrations. As such, it is useful to speciate trace elements such as 
contaminants adsorbed to pure minerals, soils and sediments, and it is a valuable tool for 
studying the mineralogical composition of the soil or sediment [X-ray Spectroscopy 2005]. 
XANES has widely been used in solid and solution studies. Over the past few years it has also 
been applied to environmental radioactive particles. Several studies have been conducted 
which focus on determining the oxidation state of uranium in particles from different sources. 
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 These studies have included particles from the Chernobyl accident [Salbu et al. 2001], 
depleted uranium (DU) particles from Kosovo [Salbu et al. 2003, Török et al. 2004] and 
Kuwait [Salbu et al. 2005], and nuclear fuel particles from Irish Sea sediments [Török et al. 
2003, Publication I]. Although XANES has been intensively used in the study of aqueous 
plutonium ions, so far only two systematic studies on the oxidation state of Pu in 
environmental particles have been performed [Lind et al. 2005, Publication III]. 
 
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
-30 -20 -10 0 10 20 30 40 50 60 70 80
Energy (eV)
N
or
m
al
iz
ed
 a
bs
or
pt
io
n
U(IV)
U3O8
U(VI)
A
B
C
 
Figure 6. The image on the left illustrates the XANES and EXAFS regions in the X-ray absorption 
spectrum [Newville 2004]. The XANES part of the spectrum comprises 50-100 eV in the vicinity of the 
edge. The right-hand image presents U LIII µ-XANES spectra of three particle samples (A, B, C) 
together with spectra of three uranium oxide standards (UO2, U3O8, UO3) [Publication I]. 
 
 
1.2.5 Secondary ion mass spectrometry 
 
In secondary ion mass spectrometry (SIMS) the sample surface is bombarded (sputtered) with 
the primary ion beam, which typically consists of species O2+, O-, Cs+, Ar+, Xe+ and Ga+ at 
energies between 1 keV and 30 keV. Typically, O2+ species are used for detecting 
electropositive species and Cs+ species for detecting electronegative species. The sputtering 
beam produces various atomic, ionic and molecular secondary species, from which the cations 
are transferred to the mass spectrometer, usually a double-focusing, quadrupole, or time-of-
flight (TOF) instrument [Betti 2005]. 
 SIMS is widely used for the analysis of trace elements in solid materials, especially 
semiconductors and thin films. In modern equipment, the primary ion beam can be focused to 
less than 1 μm in diameter, which allows study of particles from various sources. The main 
goal in the analysis of environmental radioactive particles by SIMS is the determination of 
isotopic composition, which is an essential parameter for determining origins in 
environmental, safeguard and nuclear forensic applications. Advances over the last decade 
have resulted in accurate and precise methods for the determination of isotopic composition of 
individual radioactive particles (Pu particles in Figure 7) [Tamborini 1998, Tamborini et al. 
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 1998, Betti et al. 1999, Erdmann et al. 2000, Tamborini and Betti 2000, Wallenius et al. 2001, 
Tamborini 2004, Pöllänen et al. 2006, Publication II]. 
 In a static SIMS analysis, molecular information on the composition of the uppermost 
monolayer is derived by keeping the primary beam ion intensity below 1012 ions·cm-2; at this 
level the composition and structure of the sample surface are barely disturbed. In the dynamic 
application, typically used in particle studies, the beam intensity is not limited, and the 
erosion of the sample surface is faster and more violent. As the obtained information 
originates from increasingly deeper layers of the bombarded sample, this application has been 
used in the analysis of trace element depth distribution [Wallenius 2001]. Because of its 
destructive character, dynamic SIMS analysis for environmental particles is conducted only 
after all the non-destructive methods have been employed (see Figure 11 in Section 2.1). 
 
 
 
Figure 7. SIMS images of two Pu oxide particles [Tamborini and Betti 
2000]. 
 
 
1.3 Determination of actinides in environmental samples 
 
Determination of alpha-emitting actinide isotopes in environmental samples by alpha 
spectrometry requires sequential radiochemical separations [Pimpl and Higgy 2001]. After the 
sample dissolution, which is perfomed in various ways according to whether the bioavailable 
actinide fraction or the total actinide content is of interest [Hiatt and Hahn 1979, Ballestra and 
Fukai 1983, Sekine et al. 1987, Toribio et al. 2001], an anion exchange step is often used to 
separate Th, U and Pu from the leaching solution [Holm and Fukai 1976, Hiatt and Hahn 
1979, Moreno et al. 1998]. 
 Because trivalent lanthanides behave chemically in a similar way to trivalent 
actinides, the lanthanides and trivalent actinides are frequently recovered together in analysis 
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 sequences. The presence of macro levels of lanthanides disturbs analytical steps such as ion 
chromatographic separations, or preparation of samples for alpha spectrometry, and 
lanthanides must be removed from the americium fraction. This can be performed in different 
ways, including anion exchange in nitric acid/methanol medium [Holm and Fukai 1976, 
Yamato 1982], extraction [Filer 1974, Pimpl and Higgy 2001, Publication IV], or a 
combination of both [Filer 1974, Hiatt and Hahn 1979, Moreno et al. 1998]. For the 
measurement by alpha spectrometry the cleaned actinide fractions can be electrodeposited 
[Talvitie 1972, Hallstadius 1984, Solatie 2002] or coprecipitated with neodymium fluoride 
[Hindman 1983]. 
 During the last few years, applications have been developed that utilize ion 
chromatography (IC) for separation of actinides from environmental samples. Various 
detection methods are applied in these procedures, including scintillation counting [Fjeld et al. 
2005], inductively coupled plasma mass spectrometry (ICP-MS) [Truscott et al. 2001, Perna 
et al. 2002], and alpha spectrometry [Benedik and Repinc 2003, Publications IV and V]. 
 
 
1.3.1 Extraction chromatography 
 
Extraction chromatography is a combination of liquid/liquid extraction and chromatography 
technique. The mobile phase is an aqueous solution, and the stationary phase is an organic 
solution loaded onto an inert porous support. The retention of the solute depends on its 
tendency to form stable complexes with the organic solution attached to the surface of the 
support [Pilviö 1998, Perna 2003]. Extraction chromatography combines the selectivity of 
liquid/liquid extraction with the versatility and simplicity of a chromatographic column. 
 
 
TEVA resin 
 
The active component of the TEVA resin used as organic solution is a quaternary amine, 
which consists of a mixture of trioctyl and tridecyl methyl ammonium chlorides or nitrates 
(Figure 8) [Horwitz et al. 1995]. The amine is commercially available as Aliquat·336® 
(Henkel Corporation, Germany). TEVA resin has been applied on a routine basis to the 
analysis of technetium, the measurement of tetravalent actinides, and the separation of 
americium from lanthanides [Eichrom 2004]. 
 The properties of TEVA resin are similar to those of strong anion exchange resin. 
However, because the functional groups are in liquid form, rather than fixed to a polymer 
backbone, they are free to coordinate to target anions. This means that the uptake of anions is 
generally higher at much lower acid concentration [Eichrom 2004]. As shown in Figure 9, 
tetravalent plutonium and neptunium are efficiently sorbed from a wide range of nitric and 
hydrochloric acid concentrations. Similarly, thorium is strongly sorbed from nitric acid 
solution. Under the same conditions, many commonly encountered ions such as alkali cations, 
alkaline earth cations, transition metals and fission products are essentially not retained by the 
 18
 resin. Trivalent americium shows practically no retention either in nitric acid or in 
hydrochloric acid solution at any acid concentration [Horwitz et al. 1995, Perna 2003]. 
 
  
A B 
 
Figure 8. (A) Chemical structure of the quaternary amine of TEVA resin. (B) The 
stationary phase of the CS5A IC column [Weiss 1995]. 
 
 The quaternary amine of TEVA resin has been found to efficiently separate trivalent 
americium from trivalent light lanthanides in thiocyanate/formic acid media (Figure 9) 
[Chiarizia et al. 1995, Horwitz et al. 1995]. The moderately high separation factor is due to 
the bonds between actinides and soft ligand donor atoms being of higher partial covalent 
character than the corresponding bonds for lanthanides [Choppin 2004]. Khopkar and Mathur 
(1974) reported the distribution coefficients Kd of a group of trivalent lanthanides and 
trivalent plutonium and americium, obtained from 1 M ammonium thiocyanate using 
quaternary ammonium thiocyanate as extractant. The Kd values correlated with the strength of 
complexation between the metal cation and the thiocyanate ligand. In the case of lanthanides, 
Kd increased with the atomic number, whereas with the actinides Pu, Am and Cm an inverse 
behavior (Pu(III) > Am(III) > Cm(III)) was observed. 
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Figure 9. The left-hand image presents distribution curves of actinides and technetium in nitric acid 
and hydrochloric acid media. The right-hand image illustrates the separation of trivalent lanthanides 
(Eu) and trivalent actinides (Am) in ammonium thiocyanate/formic acid media. Both images are from 
Horwitz et al. (1995). 
 
 
1.3.2 Ion chromatography 
 
Ion chromatography (IC) is a form of liquid chromatography that uses ion exchange resins to 
separate atomic or molecular ions based on their interaction with the resin. It is a versatile, 
selective and sensitive method for the determination of a variety of anions and cations at trace 
and ultra trace levels [Betti 1997]. In the IC process, a stoichiometric chemical reaction 
occurs between ions in a solution and a solid substance carrying functional groups that can fix 
ions through electrostatic forces. In anion chromatography these are quaternary ammonium 
groups, and in cation chromatography sulfonic acid groups. In theory, ions with the same 
charge can be exchanged completely reversibly between the two phases. The process of ion 
exchange leads to a condition of equilibrium, the side to which the equilibrium lies depending 
on the affinity of the participating ions to the functional groups of the stationary phases 
[Weiss 1995, Metrohm 2006]. 
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 CS5A column 
 
The CS5A column (Dionex) is a mixed bed anionic/cationic column designed for separating 
transition and lanthanide metals. The column resin has a 55% cross-linked microporous 
hydrophobic resin core that has been agglomerated with two layers of permeable latex 
particles (Figure 8). The latex particles carry the actual cation and anion exchange 
functionality. The first layer is a fully sulfonated latex for cation exchange, and the second is 
a fully aminated layer for anion exchange [Dionex 1999]. The column is used together with a 
CG5A guard column (Dionex), which is placed in front of the analytical column to prevent 
sample contaminants from eluting onto the analytical column. 
 The CS5A column has been applied for various analytical purposes, such as for 
analysis of metal species (Cr, Fe) [Šikovec et al. 2001, Seby et al. 2003, Michalski 2005] and 
determination of transition and heavy metals [Cardellicchio et al. 1997, Van Paemel et al. 
2005], lanthanides [Borai et al. 2002, Perna et al. 2002, Publication IV] and actinides [Perna 
et al. 2002, Publication IV] in environmental samples. 
 Some transition metals and trivalent lanthanides and actinides form moderately stable 
anionic complexes with oxalate ligand, and their separation in the mixed bed CS5A column is 
based on anion exchange. Studies with transition metals have shown that the elution order of 
the cations depends on the stability of the anionic complex, so that the most stable complexes 
elute first [Ding and Mou 2001]. In contrast to this, Perna et al. (2002) found the elution of 
lanthanides and americium to follow the order of atomic number and the stability constant of 
the anionic oxalate complex, so that lanthanum, forming the weakest complex, eluted from 
the column first. 
 
  
A B 
 
Figure 10. Chemical structures of oxalic acid (A) and dipicolinic acid (B). 
 
 Like oxalic acid, 2,6-pyridinedicarboxylic acid (dipicolinic acid, or PDCA) has also 
been applied in separating transition and heavy metals in CS5A column [Cardellicchio et al. 
1997, Van Paemel et al. 2005]. The dipicolinate (2,6-pyridinecarboxylate) ligand is a 
tridentate ligand, which is able to coordinate through an oxygen of each carboxylate group 
and through the nitrogen of the pyridine ring (Figure 10 B) [Metcalf et al. 1992, Binnemans et 
al. 1997]. Dipicolinate reacts with transition and heavy metal cations, and with lanthanide 
cations forming stable anionic complexes. No literature data could be found on the elution of 
dipicolinate complexes of trivalent actinides in CS5A column. 
 
 
 21
 1.4 Scope of the study 
 
One objective of the present work was to apply various analytical and microanalytical 
techniques to the study and characterization of environmental radioactive particles. The 
particles originated from different environments and sources, and contained radioactive 
elements in different concentrations. The applied techniques provided information on the 
particles that allowed assessment of the origin of the particle and its environmental behaviour. 
 
Specifically, the goals in applying the various techniques were 
• To find, separate and localize particles possessing relatively low activity (uranium 
particles) as well as particles with higher activity due to americium. 
• To study the particle structure with respect to activity, elemental distribution and 
matrix density. 
• To determine oxidation states of redox-sensitive elements existing in particle 
matrixes. 
• To assess the origin of the different particles. 
 
 A further objective of the work was to develop separation methods for americium and 
plutonium. These methods rely on extraction chromatography and ion chromatography, which 
have recently found a place in actinide chemistry. Development of detection methods and 
increased possibilities to couple different analytical columns into the various detector systems 
create challenges in the area of separation method development. Novel methods normally 
bring analytical benefits such as reduced analysis times, increased separation efficiencies, 
reduced sample handling and possibilities to construct automated on-line systems. 
 The two main parts of the work, i.e., environmental particle studies and development 
of separation methods, are supportive of each other, since radiochemical separations for 
plutonium and americium are needed in particle studies, when performing leaching 
experiments, for example. 
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 2 EXPERIMENTAL 
 
This section presents detailed information about the analytical procedures. The first part 
covers the methods performed for characterizing environmental particles and the second part 
the procedures used in the developed separation methods. 
 
 
2.1 Characterization of environmental radioactive particles 
 
Figure 11 below outlines the analytical methods used for particle characterization. The 
particles of the study originated from different environments: a sediment core from the Irish 
Sea [Publication I], soil samples from Runit Island in the Marshall Islands [Publication II], 
and sediment cores from the Thule area in Greenland [Publication III]. 
 
 
 
Figure 11. Analytical techniques used in characterizing and studying 
environmental radioactive particles. 
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2.1.1 Separation and localization of particles 
 
The particles originating from Runit Island and Thule sediments were separated by the sample 
splitting method and localized with a beta camera. The particles from Irish Sea sediments 
were separated and localized with solid state nuclear track detection. 
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 Sample splitting method 
 
Samples were investigated using a high-purity germanium (HPGe) detector, measuring the 
59.54 keV gamma-ray line of 241Am. If this line appeared in the spectrum, the sample was 
divided into two equal halves, and the halves were measured. Divisions were continued, 
following the Am-containing aliquot, until only a few grains of the sample were left. This was 
equivalent to halving the sample about 25 times. Depending on the activity and the amount of 
material, the acquisition time varied from 30 s up to a few minutes. Including the time 
required to divide the samples, separation of 5-8 particles could be accomplished in one day. 
The part of the sample containing the particle was then spread and attached on adhesive 
conductive carbon tape (leitfähiges Kohleband, No. G3939D, Plano, Germany). Finally, a thin 
plastic was placed on top of the adhesive tape to cover the sample [Eriksson et al. 2002]. 
 
 
Beta camera 
 
The sample, i.e., the particle attacted to the conductive carbon tape and covered with plastic 
foil, was attached on top of the beta camera detector. Since the beta camera is a light-sensitive 
device it is convenient to use optical markers in the sample, for positioning the particle. This 
was done by punching small holes in the carbon tape in the vicinity of the particle after the 
location of the particle was confirmed. The sample was then exposed to light, and the holes 
appeared superimposed on the image obtained from the acquisition of the hot particle (see 
Figure 2). Acquisition time of three minutes was required to produce a visible image on the 
screen of a particle with an activity of 120 Bq [Eriksson et al. 2002]. 
 
 
Solid state nuclear track detection 
 
Approximately 0.01 g of Irish Sea sediment was evenly spread as thin layer on a piece of 
conductive carbon tape 5 cm × 5 cm in area. A sheet of Mylar® film 5 μm thick was used to 
cover the sediment matter and to prevent any contact between sediment and the SSNTD film. 
A piece of CN85 cellulose nitrate film (Kodak, France) was attached on the top. After the 
exposure period, which for the two particles examined was 8 and 43 days, the films were 
etched in 2.5 M NaOH solution at 60 °C for 25 minutes. The alpha tracks were observed with 
an optical microscope (Axioplan 2, Zeiss, Germany), and the corresponding spots were 
identified in the sediment material. The small piece (ca. 3 mm × 3 mm) of tape containing the 
radioactive particle was cut off with a surgical knife and attached to an aluminum frame 
designed to fit the sample holders of the analytical instruments to be used subsequently. 
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 2.1.2 X-ray and gamma-ray spectrometry 
 
X-ray and gamma-ray spectrometry were applied to the particles originating from Runit 
Island soil and Thule sediments. The particles, attached to carbon tape and covered with 
plastic foil, were put on top of the planar detector so that only the plastic foil was between the 
detector and particle. Measurements were performed using a planar n-type HPGe detector 
equipped with a Be-window (EG&G Ortec, USA). The detector had an energy resolution (full 
width at half maximum, FWHM) of 530 eV at 122 keV. The spectra were processed with 
GammaVision32 software (EG&G Ortec). The spectrometer was located in a ventilated cellar 
room, and shielded with 5 cm of lead with low content of 210Pb. Calibration of the detector 
was done with a certified mixed nuclide gamma-ray source with diameter of 8 mm (GL574, 
AEA Technology plc, UK). 
 
 
2.1.3 Scanning electron microscopy 
 
Morphology and surface elemental composition of all particles were studied with automated 
SEM-EDX equipment (Personal SEM, RJ Lee Group, Inc., USA). Particles were lying on a 
piece of carbon tape mounted on an aluminum frame, so that no conductive coating was 
needed. Particles were located using backscatter electron (BE) mode, and the coordinates 
were collected. Localization with BE mode was especially useful for the autoradiography 
samples where the particles were present in the sample material. The obtained coordinates 
were used in subsequent analyses by other techniques. The applied acceleration voltage was 
20 kV, and the working distance (filament-sample) was between 16 and 18 mm. 
 Three of the Runit Island particles and one of the Thule particles were additionally 
analyzed with SEM-WDX equipment (Tescan Vega TS 5130MM, Tescan, Czech Republic) 
[Publications II, III]. A PET (pentaerythritol) crystal was used in the analysis with an energy 
resolution of 20 eV. The analysis was carried out with acceleration voltage of 30 kV. 
 
 
2.1.4 Synchrotron radiation induced analytical techniques 
 
 
Micro X-ray fluorescence spectrometry 
 
The X-ray fluorescence measurements were performed at the Fluo-Topo beamline of the 
Synchrotron Radiation Facility ANKA in Karlsruhe, Germany [Simon et al. 2003]. A photon 
beam with photon flux of ~1012 ph·s-1·mm-2 and energies of 22.9 ± 0.3 keV [Publication II] 
and 23.2 ± 0.3 keV [Publications I, III] was monochromatized with a W/BC4 multilayer 
monochromator and focused with an ellipsoidal glass monocapillary (IfG, Germany). The 
resulting beam had an intensity of ~4·109 ph·s-1 and a diameter of 22.9 μm. An energy 
dispersive Si(Li) detector (Oxford Instruments plc, UK), with FWHM of 133 eV at 5.9 keV, 
was placed in 90° geometry with respect to the incoming beam to minimize the amount of 
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 scattered photons in the detector. Depending on the sample, the detector dead time was 
controlled by adjusting the position of the slits and the distance between sample and detector. 
With some of the samples a piece of aluminum foil 20 µm thick was placed in front of the 
detector. In this way the low-energy photons were suppressed, and the detector dead time was 
reduced. 
 Fluorescence intensity data for elemental mapping of Th, U and Pu was collected by 
scanning over the localized particles. Spectral acquisition time varied between 10 s and 50 s, 
and step size between 10 µm and 50 µm, depending on the size of the particle. Specific 
elemental ratios were obtained from selected spots with longer acquisition times. Collected 
intensities were normalized by detector dead time and SR beam current. Spectral analysis was 
performed with the AXIL software program [Vekemans et al. 1994]. 
 Better spatial resolution than with the glass capillary was achieved by applying a 
compound refractive lens (CRL) [Snigirev et al. 1996, Nazmov et al. 2004]. The lens 
decreased the beam diameter to 2.5 μm × 2.5 μm [Publication III]. The application was used 
with one of the Thule particles. The microdistribution of Pu and U in the particle was studied 
by scanning an area of 130 µm × 100 µm with step size of 1.25 μm and spectral acquisition 
time of 3 s. 
 
 
Micro X-ray fluorescence tomography: Absorption corrected X-ray fluorescence 
emission computer microtomography imaging 
 
An X-ray microtomography spectrometer designed by the IAEA laboratories (Seibersdorf, 
Austria) was used in studying the three-dimensional distribution of elements in two uranium- 
and plutonium-containing particles [Wegrzynek et al. 2004, Publication III].  The 
spectrometer was set up at the Topo hutch of the Fluo-Topo beamline in the ANKA SR 
facility (see Figure 1 in Publication III). A multilayer monochromator was used to provide a 
monochromatic X-ray beam at 18.83 keV for the distribution mapping of U, Pu and matrix 
elements in the two particles. The X-ray beam was focused on a spot size of 7.5 μm × 3.6 μm 
by using a CRL, offering a pencil-beam geometry for the tomographic measurement 
[Wegrzynek 2001]. The primary beam intensity was monitored with an ionization chamber 
installed behind the CRL, and a fast silicon drift detector (SDD) located behind the sample 
collected photons from the transmitted beam. The recorded absorption projections were used 
to correct the X-ray fluorescence sinograms for self-absorption within the sample. 
Fluorescence photons were detected with a Si(Li) semiconductor detector mounted in the 
orbital plane at 90° to the incoming SR beam. The samples were mounted on a XYZθ 
translation/rotation stage, allowing lateral scans of the sample as well as rotation of the 
sample by 360° [Wegrzynek et al. 2004]. For each particle, 64 area projections, separated by 
5.625°, and consisting of 64 horizontal and 10 vertical pixels, were collected simultaneously. 
Reconstruction of the 2D data was done with a filtered backprojection algorithm [Kak and 
Slaney 1988] with attenuation correction for the fluorescence signal [Wegrzynek et al. 2003]. 
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 The reconstructed tomographic slices were processed by 3D-rendering software AMIRA 
(Mercury Computer Systems Inc., MA, USA) to obtain 3D element distribution models. 
 
 
Micro X-ray absorption near-edge structure spectrometry 
 
The µ-XANES experiments, presented in detail in Publications I and III, were performed at 
the X-ray fluorescence beamline L of the HASYLAB/DESY synchrotron radiation facility in 
Hamburg, Germany [Falkenberg et al. 2001]. The absorption spectra were recorded in 
fluorescent mode at the LIII absorption edge of U and Pu by stepping a standard Si(111) 
channel-cut monochromator. The Lα fluorescence of U and Pu was collected with an energy 
dispersive Si(Li) detector (Gresham Scientific Instruments Ltd, UK). A strong white line was 
observed in all LIII XANES spectra, which disturbed the evaluation of the oxidation states 
starting from the edge inflection point. The spectra were therefore processed using a least-
squares fitting method originally developed for arsenic K edge absorption spectra [Osán et al. 
1997]. Standard spectra of U(IV), U3O8, U(VI), Pu(IV) and Pu(VI) were measured to obtain 
the energies and intensities of the white line and multiple scattering peak, as well as the 
parameter of the arctangent step for U(IV)/U(VI) and Pu(IV)/Pu(VI). The ratios of the 
different oxidation states in the particles were calculated using these values in the fitting 
function. 
 
 
2.1.5 Secondary ion mass spectrometry 
 
The SIMS analyses were conducted with a double-focusing Cameca IMS 6f (Courbevoie, 
France) dynamic spectrometer [Tamborini et al. 1998]. During the analysis the samples were 
sputtered with a primary O2+ beam of 15 keV (±0.5%) with current intensity between 2 nA 
and 4 nA and diameter of a few µm. In the microprobe mode, an area of 10 µm × 10 µm was 
rastered on the sample surface. The instrument allowed the detection of ~5·109 atoms of U and 
~1.5·109 atoms of Pu. For each particle, a mass spectrum from mass 230 to mass 250 was 
measured. The Pu isotopic ratios were measured sequentially in peak jumping mode. The 
number of cycles applied were between 8 and 13, each cycle consisting of nine acquisition 
steps. Typical acquisition times of 0.5, 1.0, 2.0 and 3.0 s were applied for the Pu isotopes 239, 
240, 241 and 242, respectively. 
 Mass calibration and mass-bias and hydride determinations were performed using 
synthetic monodisperse uranium oxide particles [Erdmann et al. 2000, Tamborini 2004] as 
standards, and the masses of uranium isotopes 234U, 235U, 238U and 238UH were measured 
before each analysis. 
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 2.2 Analysis of bulk matrix 
 
For the analysis of bulk matrix, all environmental samples were leached with 7.3 M HNO3. 
The actinides were separated by anion exchange, as well as by a novel method based on 
extraction and ion chromatography. Activities of plutonium and americium were measured 
radiometrically using alpha spectrometry, gamma-ray spectrometry and liquid scintillation 
counting. 
 
 
2.2.1 Leaching 
 
A known amount of dried sample was weighed in a glass beaker. After the addition of known 
amounts of tracers, 242Pu and/or 243Am, the samples were leached in 100-200 ml of 7.3 M 
HNO3 for four hours. Where Pu was analyzed, 0.5 g of NaNO2 (s) was added to the solution 
before the leaching. After cooling, the samples were filtered through a paper filter (Schleicher 
& Schuell 5893), and the solution was evaporated to dryness. The residue was fumed three 
times with 10 ml of 14.6 M HNO3. The leaching procedure was done following the method 
proposed in Hrnecek and Irlweck (1999). 
 
 
2.2.2 Separation methods 
 
A classical method based on anion exchange was used to separate plutonium and americium 
from environmental samples. A description of the method can be found in Volchok and de 
Planque (1983) and Hrnecek and Irlweck (1999). The on-line methods that were developed 
for the separation of Am from sediment and soil and the separation of Pu and Am from tracer 
solutions are described below and presented schematically in Figures 12 and 13. 
 
 
On-line separation of Am from sediment and soil samples by extraction and ion 
chromatography 
 
Samples for the on-line separation of Am were leached according to the procedure described 
in Section 2.2.1. 243Am was added as a tracer. After fuming with 14.6 M HNO3 the residue 
was dissolved in 100-200 ml of 1 M HNO3 for co-precipitation with calcium oxalate. 
 An appropriate amount of oxalic acid (ca. 1 g per 1 g of sample) was added to the 
solution, together with CaCl2, so that Ca2+ concentration was 25 mM. The pH of the solution 
was slowly increased to pH 2-3 with 25% NH4OH under vigorous magnetic stirring. After 
filtration (Schleicher & Schuell 5893), the filter containing the precipitate was ashed at 
+850°C overnight. The residue was dissolved in 5 ml of 14.6 M HNO3, and a few drops of 
30% H2O2 were added. The solution was evaporated to dryness several times. The residue 
was then dissolved in 5 ml of 0.1 M HCOOH, which was carefully evaporated until a minimal 
amount of solution remained in the beaker. This step was repeated several times. Finally, the 
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sample was dissolved in 8-10 ml of 0.1 M HCOOH in 2 M NH4SCN. If any precipitate was 
found, the sample was filtered (0.45 µm). 
 TEVA resin was conditioned with 10 ml of 0.1 M HCOOH in 2 M NH4SCN (flow 
rate 0.5 ml·min-1). The TCC-II column was conditioned with 0.25 M HCl (20 ml, flow rate 1 
ml·min-1), and the CG5A-CS5A column pair was conditioned with 0.1 M C2H2O4 in 0.19 M 
LiOH (20 ml, flow rate 1 ml·min-1). The TEVA resin was conditioned immediately before the 
separation, and the TCC-II and CG5A-CS5A columns were conditioned at least two hours 
before use. 
Figure 12. Scheme for the on-line separation of Am from environmental samples [Publication IV]. 
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For the separation of trivalent lanthanides (Ln(III)) and trivalent actinides (An(III)), an
empty DIONEX column with length of 250 mm and internal diameter of 4 mm was filled
with TEVA resin (80-160 µm). To load the sample solution in the TEVA column, the 
connector tube from the input of the HPLC pump pistons was directly connected to the 
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 sample bottle. In this way the chromatograph pumps the sample, instead of the eluent, into the 
column. The flow rate during the sample loading was 0.5 ml·min-1. After loading of the 
sample, the column was washed with 10 ml of 0.1 M HCOOH in 2 M NH4SCN, and 
subsequently with 10 ml of solution of 0.1 M HCOOH in 1 M NH4SCN. 
 The TEVA column containing the trivalent actinides and lanthanides was connected to 
a TCC-II cation exchange column. The trivalent cations were eluted countercurrentwise from 
the TEVA resin, and concentrated in the TCC-II column with 5 ml of 0.25 M HCl, the flow 
rate being 1 ml·min-1. 
The TCC-II column, turned opposite to the loading direction, was connected to a 
CG5A-CS5A column pair. The residue traces of lanthanides with Am were immediately 
eluted from the TCC-II column with 0.1 M oxalic acid in 0.19 M LiOH, and separated in the 
CS5A column [Perna et al. 2002]. The effluent from the CS5A column was sequentially 
collected in four different 5 ml fractions. Am was found in the second fraction, which was 
prepared for alpha spectrometry by precipitating Am with NdF3 [Hindman 1983]. 
 
 
On-line separation of Pu(III) and Am(III) by extraction and ion chromatography 
 
In the on-line method developed for the separation of Pu(III) and Am(III), plutonium was 
reduced to and maintained in +III oxidation state. To achieve reducing conditions, a mixture 
of ascorbic acid and hydroxylamine hydrochloride was used in all solutions, except in the 
final stage of the process when americium was eluted. The concentration of both reducing 
agents was constantly 2 mM. 
TEVA resin was dry-packed in a chromatographic column. With length of 250 mm 
and inner diameter of 4 mm, the column had a capacity for ~1.2 g of resin. Before 
introduction of the sample, the column was equilibrated with 20 ml (1 ml·min-1) of 2 M 
NH4SCN in 0.1 M HCOOH. The TCC-II column was equilibrated with 20 ml (2 ml·min-1) of 
0.05 M HCl, and the CG5A-CS5A column pair was equilibrated with 20 ml (2 ml·min-1) of 
mixture containing 0.018 M dipicolinic acid (PDCA) and 0.12 M NaOH in 0.27 M 
CH3COOH. Reducing agents ascorbic acid and hydroxylamine hydrochloride were present in 
all equilibration solutions. 
Approximately 1 Bq of 239Pu and 1 Bq of 243Am were added to 6 ml of 2 M NH4SCN 
in 0.1 M HCOOH. Reducing agents were added and the sample was left for 20 min for 
reduction to take place. 
After the reduction the sample was loaded (1 ml·min-1) to the TEVA column and 
washed with 2 ml (1 ml·min-1) of 2 M NH4SCN in 0.1 M HCOOH. The TEVA column was 
then connected with the TCC-II concentrator column, and the trivalent Pu and Am were 
eluted with 10 ml (0.2 ml·min-1) of 0.5 M HCl. To decrease the acid concentration in the 
eluent entering the sulfonated TCC-II column, a flow of water containing the reducing agents 
with flow rate of 1.8 ml·min-1 was connected to the eluent flow, diluting the concentration of 
HCl to 0.05 M. The water was pumped with an external peristaltic pump. 
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Figure 13. Scheme for the on-line separation of Pu and Am [Publication V]. 
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Plutonium was eluted (1 ml·min-1) countercurrentwise with a mixture of 0.018 M 
PDCA and 0.12 M NaOH in 0.27 M CH3COOH, and the fraction eluting between 26 and 32 
minutes was collected for activity determination. The columns were then rinsed with PDCA 
eluent for 5 min. Americium was eluted with a mixture of 0.1 M oxalic acid in 0.19 M LiOH 
in a fraction between 2 and 6 min. The oxalic acid eluent used for eluting Am contained no 
reducing agents. 
The activity of the eluted fractions was measured with a Quantulus 1220 liquid 
scintillation counter (PerkinElmer, USA). 18 ml of HiSafe 3 scintillation cocktail (Perkin 
Elmer) was added to each 2 ml eluate fraction. Because the fractions contained varying
mixtures of compounds with ability to lower the measurement efficiency, a quenching curve 
was determined by using 239Pu with different concentrations of carbon tetrachloride. After 
optimization of the separation procedure, the eluted fractions were measured by alpha 
spectrometry to determine the radiochemical purity. 
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 2.2.3 Radiometric measuring techniques 
 
 
Alpha spectrometry 
 
Alpha spectra were measured with a Soloist spectrometer (EG&G Ortec), which was 
equipped with Ultra ion-implanted silicon detectors (EG&G Ortec) with an active area of 450 
mm2 [Publications IV, V]. Energy and efficiency calibrations were done with certified nuclide 
sources, the energy calibration with a mixed nuclide source containing 237Np, 241Am and 
244Cm (GM810, AEA Technology plc, UK) and the efficiency calibration with an 241Am 
source (GT223, AEA Technology plc). The measured spectra were evaluated using Maestro 
for Windows software (EG&G Ortec). 
 
 
Gamma-ray spectrometry 
 
Bulk samples were measured with a gamma-ray spectrometry application designed for 
measuring wide-range energy spectra of samples possessing low activity [Publication IV]. 
The installation, which is described in detail in Peerani et al. (2002), consisted of a coaxial p-
type HPGe detector (EG&G Ortec) surrounded by an active shielding for Compton event 
suppression. The spectrometer has a relative efficiency of 52.5% and a FWHM of 1.80 keV at 
1332 keV. 
 Energy, FWHM, and efficiency calibrations of the detector were done for different 
sample geometries using certified gamma-ray sources containing mixtures of radionuclides 
(KE572, KE574, KE578, AEA Technology plc). The measured spectra were evaluated using 
the GammaVision software (EG&G Ortec). 
 
 
Liquid scintillation counting 
 
Liquid scintillation counting (LSC) was applied to determine the activity of 241Pu in a 
sediment core [Publication IV]. LSC was also used in the method development in Publication 
V as the detector in measurement of the activities of plutonium and americium in individual 
steps throughout the separation process. 
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 3 RESULTS AND DISCUSSION 
 
Section 3.1 below presents and discusses the characterization of environmental radioactive 
particles and Section 3.2 the on-line separation methods that were developed. Fuller 
information can be found in the attached Publications I-V. 
 
 
3.1 Characterization of environmental radioactive particles 
 
The following sections summarize the essential results obtained by the various methods. The 
results are discussed focusing on elemental composition and matrix structure, oxidation states 
of matrix elements, and determination of origin of the particles. 
 
 
3.1.1 Elemental composition and particle matrix structure 
 
 
Uranium-containing particles from Irish Sea sediments 
 
Twelve samples, comprising totally ~0.4 g of sediment material, were prepared for solid state 
nuclear track analysis. Among these samples, seven track clusters containing substantial 
amount of alpha tracks were found. The particles, coded as A and B, that were associated with 
two of these clusters, were subjected to further analysis. From the shape of the alpha track 
clusters, particle A appeared to be partially covered with sediment material, whereas particle 
B had been fully exposed to the SSNTD film (Figure 1 in Publication I). 
 Since measurements by gamma-ray spectrometry revealed the presence of 241Am in 
the sediment core [Publication IV], particles A and B were also investigated for plutonium 
and americium. Application of SEM to particle A was not possible, as was expected from the 
alpha track image. The energy of the electrons was not sufficient to penetrate the material 
covering the particle. Particle B, however, was located as a discrete particle on top of the 
sediment material and was easily available for investigation by SEM-EDX. The EDX analysis 
revealed a uniform layer of uranium on the particle surface (Figure 14). Neither plutonium or 
americium was detected in particle B, as concentrations were below the detection capability 
of the EDX detector. 
 X-ray fluorescence intensity maps were obtained by scanning over the two particles 
with an SR beam of 20 µm diameter. The scannings revealed the two particles to contain a 
uniform distribution of uranium, as well as trace amounts of thorium and plutonium (Figure 
14, Publication I). 
 Note in Figure 14 that the particle appears to be of different size depending on 
whether it is imaged by SEM or SR-µ-XRF spectrometry. The exaggerated particle size in the 
XRF intensity map is due to the poor focal resolution obtained with an SR beam of diameter 
20 µm when the particle diameter is only ~10 µm [Publication I]. 
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Figure 14. Above: SEM backscatter electron images together with EDX spectrum of particle B. 
Below: U Lα fluorescence intensity distribution in the same particle B. 
 
 Particle B was also observed with an optical microscope. Examination of the isotopic 
composition of uranium in the particle was attempted by using a micromanipulator device 
[Kleindiek 2000] to transfer the particle onto a sample holder suitable for SIMS analysis. An 
attempt was made to fix the particle, more firmly, on another carbon tape, since, being 
attached to sediment material, it most likely would have come off and disappeared under the 
ion beam of the SIMS. Unfortunately, the particle was lost during the transfer – a reminder to 
analysts of the difficulties in handling objects at micrometer scale. 
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 Plutonium-containing particles from Runit Island (Marshall Islands) soil 
 
The six particles from Runit Island were divided by elemental composition into two groups: 
smaller, roundish particles with mostly simple plutonium matrix (A,B,C) and larger, 
irregularly shaped particles where plutonium was contained in a glasslike Si/O-rich matrix 
(D,E,F). 
 Each particle was measured by gamma-ray spectrometry using an n-type HPGe 
detector. Analysis of two gamma-ray peaks of 239Pu (T1/2 = 24110 a) at energies of 38.66 keV 
(yield 0.0105%) and 51.62 keV (yield 0.0271%), one gamma-ray peak of 240Pu (T1/2 = 6563 a) 
at energy of 45.24 keV (yield 0.0450%), and two gamma-ray peaks of 241Am (T1/2 = 432.2 a) 
at energies of 26.34 keV (yield 2.4%) and 59.54 keV (yield 35.9%) allowed determination of 
activities and atom ratios between the different isotopes. 
 
Table 2. Approximate cross-section areas together with activities of 239Pu, 240Pu and 241Am, and 
efficiency difference of two Am photon energies in each particle. 
Particle Cross-section area (µm2) 
239Pu (Bq) 240Pu (Bq) 241Am (Bq) Efficiency difference (%) 26.34 keV / 59.54 keV 
A 2640 227 ± 30 23.3 ± 3.1 47.0 ± 0.5 20.5 ± 0.3 
B 2690 229 ± 29 17.7 ± 2.2 45.8 ± 0.5 21.7 ± 0.3 
C 1450 118 ± 23 15.3 ± 1.0 26.2 ± 0.3 22.8 ± 0.3 
D 1.89·105 129 ± 29 14.9 ± 3.0 28.1 ± 0.3 15.1 ± 0.2 
E 1.02·106 1615 ± 72 228 ± 25 321 ± 4 18.7 ± 0.3 
F 4.95·105 283 ± 38 39.8 ± 3.5 55.4 ± 0.6 17.5 ± 0.3 
 
 In addition to plutonium and americium activities, the gamma-ray measurements gave 
information relevant to the matrix structure of the particles. Self absorption is an important 
analytical factor at lower photon energies, especially for particles containing heavy elements 
in metallic or oxide forms. To quantify the effect of photon absorption on the activity of the 
two Pu isotopes, an efficiency calibration was performed by using the gamma-ray peaks of 
241Am at energies of 59.54 keV and 26.34 keV. In this way, i.e., using the 241Am as an 
internal standard, it was possible to conduct an individual efficiency calibration for each 
particle. The absolute activity of 241Am in the particles was calculated from the 59.54 keV 
gamma-ray peak with use of a commercial point source for efficiency calibration. Although 
the self absorption of the 59.54 keV photon in each particle was not then taken into account, 
the effect of this was only on the absolute activity values of plutonium and americium. The 
results, as presented in Table 2, indicate that the photon attenuation was lower in the larger 
particles than the smaller particles. If the matrix had been similar for all particles the photon 
absorption factor for the larger particles would have been higher. The findings therefore 
indicate that Pu was distributed differently in the two types of particles; i.e., the matrix of the 
smaller particles contained elements of higher average Z than the larger particles. 
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  The results obtained by gamma-ray spectrometry as regards the structure of the 
particle matrix were supported by measurements with SR-µ-XRF. As illustrated in 
fluorescence intensity maps (Figures 2a and 2b in Publication II, Figure 15 below), the three 
smaller particles (A-C) contained plutonium in uniform distribution, whereas the larger 
particles (D-F) contained it in more uneven distribution. 
 The observations related to photon attenuation and uneven distribution in fluorescence 
intensity maps did not reveal the form of plutonium in the larger particles – is Pu distributed 
in the matrix, or does it exist as a flake-like structure? Study of the particle by SEM-EDX 
after crushing did not reveal the presence of Pu, which suggests that the plutonium was spread 
through the particle, and the concentration was below the detection capability of the SEM-
EDX instrument [Publication II]. 
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Figure 15. Pu Lα fluorescence intensity distribution in two Runit Island particles. In particle C on the 
left, Pu is uniformly distributed, whereas in the larger Si/O-rich particle F on the right, it is unevenly 
distributed [Publication II]. 
 
 
Uranium- and plutonium-containing particles from Thule sediments 
 
Observations of Thule sediment particles with SEM-EDX indicated that uranium and 
plutonium were present on the surfaces of all particles. With an SR beam of diameter 20 µm, 
the µ-XRF intensity maps of uranium and plutonium showed the homogeneous presence of 
both elements (Figure 4 in Publication III). The elemental distribution was studied more 
closely by examining one of the particles with a compound refractive lens (CRL) mechanism, 
which adjusted the spatial beam diameter to 2.5 µm. Scanning an area of 130 µm × 100 µm, 
which covered a large part in the middle of the particle (Figure 5 in Publication III), revealed 
the presence of numerous small phases rich in uranium and plutonium, as illustrated in Figure 
16. U and Pu phases were located at the same sites, indicating homogeneous distribution of 
the two elements. 
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Figure 16.  U Lα and Pu Lα fluorescence intensity measured from a Thule particle by using an SR 
beam of diameter 2.5 µm [Publication III]. 
 
 Two particles were investigated with respect to 3D elemental distribution: a U/Pu-rich 
particle from Thule sediments (the same particle as in Figure 16) and a Pu-rich particle from 
surface soil of Mururoa Atoll. Studies were made with a micro X-ray fluorescence 
tomography installation [Wegrzynek et al. 2004, Publication III]. From the reconstructed 
image on the left side of Figure 17, it can be seen how the heterogeneously distributed 
uranium (green) and plutonium (blue) phases in the Thule particle are partly surrounded by 
iron-rich (red) sediment matrix. In the image on the right, the plutonium-containing (blue) 
particle from Mururoa soil is attached on one side to strontium-rich (yellow) coral matter 
[Publication III]. 
 
 
A B 
Figure 17. Reconstructed 3D elemental distribution in two particles: a particle 
from Thule sediments (A) and a particle from Mururoa Atoll soil (B) 
[Publication III]. 
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 3.1.2 Oxidation states of uranium and plutonium 
xidation states of matrix elements were investigated for two groups of particles: uranium-
avalent 
Table 3. U and Pu oxidation state ratios determined in particles from sediments from the Irish Sea 
Pu(IV) % Pu(VI) % 
 
O
rich nuclear fuel particles from Irish Sea sediments [Publication I] and weapon-fuel particles 
from Thule sediments containing a mixture of uranium and plutonium [Publication III]. The 
oxidation state ratios determined by µ-XANES spectroscopy are collected in Table 3. 
 The particles from Irish Sea sediments contained uranium mostly in tetr
oxidation state, the proportion of U(IV) of all U ranging between 60% ± 6% and 66% ± 6%. 
The particles from Thule sediments also contained U(IV) as major uranium species but in 
different proportion from particles from the Irish Sea (Table 3). In many studies, including 
ones conducted on depleted uranium (DU) particles from Kosovo [Salbu et al. 2003, Török et 
al. 2004] and Kuwait [Salbu et al. 2005], uranium has generally been found to exist in the 
particle matrix mainly as U(IV). In the case of exposure to fire, however, such as occurred 
with particles from the Chernobyl accident and the ammunition storage fire in Kosovo, rapid 
oxidation of uranium in the particle matrix to U(V) and U(VI) has been observed [Salbu et al. 
2001, Salbu et al. 2005]. The results for plutonium in the Thule particles are in agreement 
with the results of a recent study on sediment particles from Thule [Lind et al. 2005]; that is, 
in both cases most of the uranium in the particles was present as U(IV). The findings for 
plutonium were somewhat different. Whereas Lind et al. (2005) found plutonium in all of 
their (three) particles to be present as a mixture of reduced Pu forms Pu(III) and Pu(IV), in the 
present study two of the particles from Thule contained Pu mainly as Pu(IV), and the other 
two mainly as oxidized form Pu(VI) [Publication III]. 
 
[Publication I] and Thule [Publication III]. The uncertainty of the XANES fitting method was 
absolute: 6% for the Irish Sea particles and 5% for the Thule particles. 
Particle code Origin U(IV) % U(VI) % 
A I  rish Sea 66 34   
B Irish Sea 62 38   
C Irish Sea 60 40   
Thu68-3 Thule 92 91 9 8 
Thu68-5 Thule 91 9 97 3 
Thu68-6 Thule 100 0 25 75 
975374-5 Thule 75 25 33 67 
 
Assessment of the mobility of uranium and plutonium in a sediment environment  
requires that factors such as redox conditions, carbonate alkalinities, and pH are known. 
These factors were not determined in the present work. However, Lucey et al. (2004) 
measured carbonate alkalinities ranging between ca. 4 and 17 mM (at pH 7.3-6.7) in a 
sediment core collected from the north-eastern Irish Sea close to the collection location of the 
present work [Publication I]. Under such conditions, and given the observations of Duff and 
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 Amrhein (1996) of low absorption of U(VI) on calcareous soil in waters saturated with calcite 
(CaCO3(s)) and where carbonate alkalinities were greater than 2 mM, it can be assumed that 
carbonate complexation is sufficient to hinder the sorption of oxidized forms of uranium. 
 
 
3.1.3 Assessment of origin 
ranium-containing particles from Irish Sea sediments: nuclear fuel debris from 
rom the number of alpha tracks formed in the SSNTD films (Figure 1 in Publication I), the 
Table 4, the Th/U, Pu/U and Pu/Th Lα fluorescence intensity ratios of 
Table 4. Lα fluorescence intensity ratios of Th, U and Pu in Irish Sea 
h 
 
 
U
Sellafield 
 
F
two separated particles (A and B) from Irish Sea sediments were concluded to be of 
anthropogenic origin. It was calculated that if the origin of the alpha tracks was enriched 
uranium, the abundance of the 235U isotope would have to be greater than 38%. This value is 
very much larger than the 235U/238U isotope ratios of 0.0072-0.018 measured in Sellafield 
environment [Chenery et al. 2002]. It can be concluded, therefore, that the excess of the tracks 
is most likely due to some other alpha active element, such as plutonium. This conclusion is 
supported by the SR-µ-XRF analysis, which indicated the presence of trace amounts of Pu in 
both A and B particles. 
 As presented in 
particles A and B are at the same level. The Th/U ratios are much lower than corresponding 
ratios obtained from activity sources assigned to natural radionuclides, i.e., particles C, A1-A3 
and B1 in Table 4. Consequently, from the Th/U intensity ratios, and the fact that plutonium 
was detected, the separated particles A and B were identified as nuclear fuel debris from the 
Sellafield plants. 
 
particles. Pu was detected only in particles A and B [Publication I]. 
Particle Th/U Pu/U Pu/T
A 3 1.7·10-3 .1·10-3 0.3 
B 5.4·10-3 1.5·10-3 0.3 
C 7.1   
A1 3.3   
A2 3.5   
A3 4.0   
B1 1.1   
 
The origin of the lower activity in particles A1-A3 and B, which were found in the  
vicinity of particles A and B, was assigned to natural radionuclides since in common rock 
types the ratio of Th concentration to U concentration is 3.2-4.3 [Eisenbud and Gesell 1997]. 
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 The lower activity originates in ‘naturally occurring hot particles’. As described by Hamilton 
and Clifton (1985), these are due to accessory minerals in sediments, typically zircon, 
monazite, titanite and xenotype apatite, which contain natural radionuclides of thorium and 
uranium. 
 Determined Th/U ratios were also compared with the Th/U ratio obtained by Török et 
lutonium-containing particles from Runit Island soil: a safety test or a low-yield 
 all particles from Runit Island soil, the characteristic 240Pu/239Pu atom ratio, determined by 
es of 137Cs activity were observed in the three 
rger 
ge 241Am/239Pu atom ratio determined in the six particles was 3.7·10-3 ± 
Pu/239Pu atom ratios determined by SIMS are more 
al. (2003) for a particle separated from the same sediment core but one layer below (Particle C 
in Table 4). In that study the particle was linked to nuclear fuel debris from Sellafield. 
However, the Th/U intensity ratio suggests that the more likely source of the particle C is 
natural. This interpretation is supported by the analysis with SR-µ-XRF, which revealed the 
presence of hafnium, zirconium and yttrium in the particle (Figure 5 in Publication I). The 
silicate mineral zircon is the primary mineral source of hafnium, and occasionally contains 
thorium, uranium and yttrium [Publication I]. 
 
 
P
detonation 
 
In
gamma-ray spectrometry and SIMS, was about 0.06 or less (Table 5). This indicates the 
source of the activity to be either weapons-grade plutonium or a detonation with low fission 
yield (see Table 1 in section 1.1.2). Since the particles A-C with plutonium matrix did not 
contain activity from typical fission products, e.g., 137Cs, the origin of these particles is 
suggested to be a detonation with no fission yield. The most likely origin, therefore, is a 
safety test conducted in earlier years at Runit Island, perhaps the Quince surface test 
performed in August of 1958 [USDOE 2000]. 
 In contrast to the smaller particles, trac
la particles with Si/O-rich matrix. This activity may have been present in the particle 
material before the explosion, or it may have been formed in a detonation with minor fission 
yield. The Fig test, which was conducted on the surface of Runit Island in the same spot but a 
few days later than the Quince test, reportedly produced a fission yield of 0.02 kt [Noshkin et 
al. 1998, USDOE 2000], which is low enough not to have had an elevating effect on the 
240Pu/239Pu ratio. 
 The avera
0.2·10-3 (February 2006). The small deviation indicates that the plutonium in the particles 
originated from material of similar age. It should be emphasized that the specific tests that 
were considered, i.e., Quince and Fig, are only suggestions as regards the source of the 
particles. Other detonations with low fission yield have also been carried out at Runit Island 
[Noshkin et al. 1998, USDOE 2000]. 
 As can be seen in Table 5, 240
consistent and systematically higher than those obtained by gamma-ray spectrometry. This is 
partly due to the way in which gamma-ray spectra are analyzed with respect to the plutonium 
in particular particles. The three plutonium gamma-ray peaks used in the analysis contained a 
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 low net number of pulses, despite the relatively long measuring times. Delineating the peaks 
was difficult, therefore, as even small changes in the chosen regions of interest (ROI) 
produced large deviation in the net peak areas. Accordingly, it was decided that in the analysis 
procedure each peak should be defined using multiple ROIs, and the final activity of each 
isotope should be calculated as an average of the activities from the analysis with different 
ROIs. 
 The reason why the ratios obtained by gamma-ray spectrometry are systematically 
 of the Si/O-rich matrix of the larger particles differs from the 
mpos
lear that the earlier studies conducted on 
Table 5. Various atom ratios of Pu and Am obtained by gamma-ray spectrometry and SIMS. 241Am 
Particle 
0Pu / 239Pu (%) (241Pu + 241Am) / 239Pu (%) 
lower than those determined by SIMS nevertheless remains obscure. The effect of the 
overlapping peak at the lower 241Am energy (26.34 keV) on the internal calibration was 
checked and ruled out. Perhaps the systematically lower ratios are due to the overlapping peak 
at the energy of one or the other of the gamma-ray peaks of the two plutonium isotopes. 
Clarification of this would require further study – for example, measurement of reference 
glass samples that contain the relevant plutonium and americium isotopes [Roos 2006, pers. 
comm., 6 March]. 
 The composition
co ition of the coral soil of the atolls in the Marshall Islands, which contains mainly 
calcium carbonate (CaCO3) with some MgCO3 and essentially no silicate clay. Because no 
elements typical for a plutonium weapon (iron, lead, bismuth, uranium) were observed in the 
matrix of the particles, it was concluded that the particles were fragments of the weapon fuel, 
not formed during the explosion [Publication II]. 
 During the literature search it became c
plutonium at Runit Island were mostly made with bulk samples rather than particles. 
Reference data for the present work is accordingly scarce. It is also difficult, or even 
impossible, to find information related to the structure of nuclear weapons used in specific 
tests, and discussion must be based on findings alone. 
 
activity is dated to February 2006 [Publication II]. 
240Pu / 239Pu (%) 
γ-spectrometry 
241Am / 239Pu (%) 
γ-spectrometry 
24
SIMS SIMS 
A 6.0 0.9 4 2.80 ± 0.52 0.37 ± 0.10 4 ± 0.06 5 ± 0.0
B 2.11 ± 0.37 0.36 ± 0.09 5.67 ± 0.07 0.79 ± 0.07 
C 3.52 ± 0.72 0.40 ± 0.10 6.31 ± 0.09 0.52 ± 0.03 
D 3.15 ± 0.95 0.39 ± 0.16 *6.10 ± 0.20 0.80 ± 0.10 
E 3.84 ± 0.46 0.36 ± 0.05 *5.96 ± 0.08 0.69 ± 0.03 
F 3.84 ± 0.62 0.35 ± 0.08 *6.37 ± 0.29 0.75 ± 0.12 
*Af crushin cle ter g of the parti
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 Uranium- and plutonium-containing particles from Thule: mixed weapon fuel 
eginning in 1997, various authors have suggested, on the basis of variations in 240Pu/239Pu 
the present work by X-ray and 
 
B
isotopic ratios, that the plutonium found at the Thule accident site has more than one origin 
[Mitchell et al. 1997, Dahlgaard et al. 2001, Ikäheimonen et al. 2002]. In 1999, a study made 
with radioactive particles from Thule indicated for the first time that the particles in fact 
contain a mixture of uranium and plutonium. This was later confirmed [Eriksson et al. 1999, 
Moring et al. 2001]. So far it is unclear, however, whether the plutonium with various isotopic 
ratios originates from different weapons or a single weapon. 
 Activity ratios of 241Am/238+239+240Pu determined in 
gamma-ray spectrometry varied between 0.13 and 0.17. The variation indicates that the 
plutonium of the four particles analyzed was of different origins, in accord with the results of 
the studies just mentioned. 
 
 
 
Figure 18. U/Pu intensity ratios determined in one of the Thule particles 
 
U/Pu intensity ratios determined by SR-µ-XRF in four particles from Thule ranged 
[Publication III]. 
 
between 2.8 and 4.5 (Table 1 in Publication III). Different phenomena were suggested to 
explain the ratios: preferential leaching of one element with respect to the other, origin of the 
particles in different parts of the destroyed weapons, and a different origin for the uranium 
and plutonium in the particles. Investigation of one of the particles by SEM-WDX revealed 
that the U/Pu intensity ratio varied between 2.3 and 11.1 in different parts of the particle. To 
investigate this finding further, through a look at the particle microstructure, an SR beam 2.5 
µm in diameter was applied. Supporting the observations made with SEM-WDX, scanning of 
the particle revealed variation in the U/Pu ratios in the uranium and plutonium phases, as 
illustrated in Figure 18. Bias from preferential leaching was ruled out by scanning a part 
located in the middle of the particle, and thus away from the edge regions which are more 
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 susceptible to leaching. From the results it can be suggested that the variations in the intensity 
ratios of the particles mean that the uranium and plutonium in the particles were of different 
origin. 
 
 
3.2 On-line separation of americium and of plutonium and americium 
he primary findings relevant to the various steps in the methods for the separation of 
.2.1 Separation in TEVA extraction chromatography resin 
n the basis of the chemical similarity of trivalent actinides, it was assumed that the behavior 
 
T
americium and of plutonium and americium are described in the following. The methods are 
described in Publications IV and V, and in section 2.2.2 and Figures 12 and 13 above. 
 
 
3
 
O
of Pu(III) and Am(III) in TEVA resin would be similar. As Figure 19A shows, plutonium was 
sorbed quantitatively (98.5-99.1%) in the resin when loaded and washed in a mixture of 2 M 
ammonium thiocyanate in 0.1 M formic acid. Quantitative elution of Pu(III) from the resin 
was achieved with 6 ml of 0.25 M hydrochloric acid [Publication V]. Sorption of Am(III) in 
TEVA resin was quantitative in the same mixture of 2 M ammonium thiocyanate in 0.1 M 
formic acid (Figure 19B), and americium was eluted from the resin with 2.5 ml of 0.25 M 
hydrochloric acid [Publication IV]. The work with americium alone was performed in the 
absence of reducing agents. 
 
0
20
40
60
80
100
2 ml 4 ml 6 ml wash 2 ml 4 ml 6 ml 8 ml 10 ml
Fraction
Y
ie
ld
 %
0.05 M HCl
0.25 M HCl
elutionloading + washing
Pu(III) in TEVA
 
 
 
igure 19. Image A illustrates the elution of trivalent Pu from TEVA resin with two different HCl 
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molarities [Publication V]. Image B presents the sharp elution peak of Am(Cm), eluted from TEVA 
resin with 0.25 M HCl [Publication IV]. 
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 3.2.2 Pre-concentration in TCC-II cation exchange column 
fter the separation in TEVA resin, trivalent plutonium and americium were loaded onto a 
n 0.05 M hydrochloric 
 
A
TCC-II cation exchange column. During the loading the cations were concentrated in a 
compact band at the head of the column. The elution of Pu(III) and Am(III) was performed 
countercurrentwise. In this way the trivalent cations were released from the column without 
delay. The effect of the concentrator column may be significant. This was noticed by Perna 
(2003), who found the TCC-II column to lower the detection limits in chromatographic 
separation of lanthanide elements by two to three orders of magnitude. 
 Plutonium and americium were loaded in the TCC-II column i
acid. In contrast to americium, 0.25 M hydrochloric acid was found to be too concentrated for 
the sorption of trivalent plutonium (Figure 20), and the solution used to elute the actinides 
from the TEVA resin needed to be diluted before entering the TCC-II column. The load 
solution volume was 100 ml, therefore, and since the elution of the actinides occurred in the 
first 2 ml fraction, a concentration factor of minimum 50 was achieved. 
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igure 20. In image A, Pu(III) is quantitatively sorbed in TCC-II column in 0.05 M HCl, but elutes 
.2.3 Separation in CS5A ion chromatography column 
he separation of transition metals in CS5A column with oxalate involves cationic or anionic 
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through in 0.25 M HCl. The eluent consists of 6 mM PDCA and 40 mM NaOH in 90 mM acetic acid 
[Publication V]. In image B, sorption of Am in TCC-II column is quantitative in 0.25 M HCl. The 
eluent consists of 0.1 M oxalic acid in 0.19 M LiOH [Publication IV]. 
 
 
3
 
T
complexes depending on ligand concentration and the strength of complexation between the 
metal and oxalate ligand [Ding and Mou 2001]. Weakly complexing cations, such as Mn(II) 
and Cd(II), are separated by cation exchange, but trivalent lanthanides and actinides form 
moderately stable complexes with oxalate (Table 6) and their separation in CS5A column is 
anionic. Perna et al. (2002) found that the elution order of lanthanides follows the order of 
atomic numbers, so that lanthanum elutes first. In their experiment, americium eluted between 
promethium and europium, as was expected from the complex stabilities. In contradiction to 
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 this, Ding and Mou (2001) report that the elution of anionic transition metal complexes 
follows the order of stability constants so that the most stable complexes elute first. 
If oxalate is used in considerable excess relative to the trivalent metal ion 
concen
M3+ + C2O42- ↔ MC2O4+    (eq. 1) 
 
 the separation methods developed, americium was eluted from the CS5A column with 0.1 
A column during 60 minutes, even when the 
eason why plutonium did not elute with oxalic acid is not clear. No reports were 
found i
was found to be a suitable eluent for Pu(III); ~99% of 
plutoni
tration, the species M(C2O4)33- will be favored. The equilibrium reactions may be 
written as [Vandegrift et al. 1984]: 
 
M3+ + 2C2O42- ↔ M(C2O4)2-    (eq. 2) 
 M3+ + 3C2O42- ↔ M(C2O4)33-    (eq. 3) 
 
In
M oxalic acid in 0.19 M lithium hydroxide. The americium fraction eluted from the column 
within 5-10 minutes in the method used for determining Am in environmental samples 
[Publication IV], and within 2-6 minutes in the method used for separation of Pu(III) and 
Am(III) [Publication V]. The conditions for the elution of americium were the same in the 
two methods except that reducing agents (i.e., ascorbic acid and hydroxylamine 
hydrochloride) were employed in the latter method. Evidently, then, the elution dynamics of 
americium were affected by the reducing agents. 
 Oxalic acid did not elute Pu from the CS5
oxalate concentration was increased fivefold. The database of NIST [Smith et al. 2004] 
reports 11.15 for the log β3 of Am(C2O4)33-, and the corresponding log β3 for Pu(C2O4)33- has 
been determined as 9.39/10.65 [Cleveland 1979] (Table 6). If the elution behavior of oxalate 
complexes of Pu(III) and Am(III) follows that of lanthanides, plutonium should elute prior to 
americium. 
The r
n which CS5A column was applied for trivalent plutonium. The matter requires more 
careful investigation, for example, by testing whether the chosen reducing agents play a role 
in hindering the elution of Pu(III), or if adjustment of pH of the PDCA solution would have 
an effect on the elution of Pu(III). 
Dipicolinic acid (PDCA) 
um eluted in 26-32 minutes (Figure 21). No americium eluted with PDCA during 60 
minutes. At look at the stability constants of anionic dipicolinate complexes of light 
lanthanides (collected in Table 6) shows a steady increase in log β values from La to Gd. No 
equivalent information on trivalent actinide complexes was found in the literature, nor any 
experimental data dealing with the elution behavior of trivalent lanthanides or actinides in the 
PDCA system in question. However, if the stability order of anionic PDCA complexes of 
trivalent actinides follows that of trivalent lanthanides, as is the case with oxalate complexes, 
Pu(III) should form weaker complexes than Am(III) with PDCA. Assuming, then, that the 
elution behavior of anionic PDCA complexes of trivalent actinides follows that observed by 
Perna et al. (2002) for oxalate complexes of trivalent americium and lanthanides, Pu(III) 
should elute before Am(III). No elution of americium was observed, either before or after the 
elution of plutonium. However, as the elution dynamics of americium in the PDCA system 
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 are not known, it is possible that the elution of Am(III) would have taken place after the time 
(60 min) reserved for the experiments. 
From the above results it was concluded that two different eluents are needed to 
separat
Table 6. Stability constants of oxalate and dipicolinate ligands of trivalent light actinides and 
Oxalate Dipicolinate 
e plutonium and americium in CS5A column: PDCA with the reducing agents for 
Pu(III), and oxalic acid without the reducing agents for Am(III). The PDCA eluent consisted 
of 0.018 mol l-1 dipicolinic acid and 0.12 M sodium hydroxide in 0.27 M acetic acid, and the 
oxalic acid eluent of 0.1 M oxalic acid in 0.19 M lithium hydroxide. As can be seen in Figure 
21, both plutonium and americium were separated quantitatively: ~98% of Am(III) eluted 
within 2-6 minutes and ~99% of Pu(III) within 26-32 minutes. The radiochemical purity of 
both actinide fractions was checked by alpha spectrometry, and the absence of cross-
contamination was verified. 
 
lanthanides. Superscripts indicate the experimental conditions: temperature and ionic strength of 
media. Values are from Smith et al. (2004) except those of Pu(III) oxalate, which are from 
Cleveland (1979). 
Cation 
log β1 log β3 log β1 log β3log β2 log β2
Ac(III) 4.36 1 7.08 1     
Pu(III) - - 
9.39 5 
Am(III) 5.25 1 8.85 1 - - - 
10.3 2 7.94 3 13  3 17  3
10.65 6
- - - 
11.15 2
Cm(III) 5.25 1 8.85 1 - - - - 
Bk(III) 5.45 1 9.14 1 - - - - 
Cf(III) 5.50 1 9.37 1 - - - - 
La(III) 4.71 1 7.83 1 .71 .95
Ce(III) 4.90 1 8.26 1 10.2 4 8.29 3 14.33 3 18.67 3
Pr(III) - - - 8.58 3 15.00 3 19.80 3
Nd(III) - - - 8.73 3 15.40 3 20.41 3
Pm(III) 5.  1 8.78 1
8.81 3 15  3 21  3
5.  1 9.04 1 11.4 2
1 ol l-1 0 mol l-1 C, 0.5 mol l-1 4 25 °C, 0.7 m 5 25 °C, 3
18 - - - - 
Sm(III) - - - .77 .06
Eu(III) 36 8.79 3 15.86 3 21.32 3
Gd(III) 4.77 3 8.66 3 - 8.68 3 15.95 3 21.66 3
25 °C, 0.1 m 2 25 °C, 1. 3 25 ° ol l-1 .0 mol l-1 6 20 °C 
 
 urther study is needed on the elution of trivalent actinides in CS5A column with both F
dipicolinic acid and oxalic acid eluents. Such studies would include examining the elution of 
trivalent lanthanides and americium with oxalic acid in a system that has been equilibrated 
with the reducing agents, and their elution with PDCA eluent similarly equilibrated with 
 46
 reducing agents. The obtained data could be used for determining the stability constant of 
Pu(III)-PDCA complex, which was not found in the literature. 
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Figure 21. Separation of Pu(III) and Am(III) in CS5A column. Pu is first 
eluted with solution of 18 mM PDCA and 120 mM NaOH in 270 mM 
CH3COOH containing the reducing agents. After rinsing of the column, Am 
is eluted with reductant-free solution of 0.1 M oxalic acid in 0.19 M LiOH 
[Publication V]. 
 
 
3.2.4 Testing of the separation method for americium 
 
The procedure developed for the separation of americium was tested by analyzing two 
certified environmental samples: sediment IAEA 135 (International Atomic Energy Agency, 
Vienna, Austria) and soil SRM 4353A (National Institute of Standards and Technology, 
Gaithersburg, MD, USA). The 241Am activities determined for the two certified samples, 
together with the obtained chemical yields, are collected in Table 7. The results show that the 
developed separation method is applicable for the analysis of environmental samples 
containing a wide range of 241Am activities. The chemical yields were generally high, the 
average yield being ~85% [Publication IV]. 
  
Table 7. Experimental and official 241Am activities in the two certified 
samples, together with obtained chemical yields for the analysis. IAEA 135 
was a sediment sample and SRM 4353A a soil sample [Publication IV]. 
241Am (Bq kg-1) 
Sample 
Experimental Official 
Chemical yield 
(%) 
IAEA 135 337 ± 18 318 ± 6.4 90.6 ± 2.7 
SRM 4353A 1.3 ± 0.1 1.25 ± 0.09 86.3 ± 2.5 
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  Before it can become an established analytical procedure, the method needs to be 
validated. Through validation it is demonstrated that the results obtained with the method are 
reliable and reproducible and that the method is suitable for the particular application. 
Additionally, validated methods are documented and the traceability of each result is possible 
[Quevauviller 2002, Vesterbacka 2006]. 
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 4 SUMMARY AND CONCLUSIONS 
 
The work has demonstrated that non-destructive analytical and microanalytical techniques can 
be successfully applied to the study of environmental radioactive particles. The various kinds 
of information related to particle structure, elemental composition and distribution, activity, 
isotopic ratios, and oxidation state of matrix elements make it possible to assess the origin of 
a particle, and its behavior in the environment. 
 Separation and localization of the particles was performed by sample splitting method 
and beta camera or SSNTD films, depending on the activity and elemental composition of the 
particles. 
Information related to elemental composition and structure of the particle matrix was 
obtained by several techniques: X-ray and gamma-ray spectrometry, SEM-EDX/WDX, SR-µ-
XRF spectrometry and SIMS. Particles from Runit Island soil and Thule sediments were 
measured with an n-type gamma-ray spectrometer, which allowed the analysis of low energy 
X-ray and gamma-ray peaks. In the case of the Runit Island particles, 241Am was used as an 
internal standard for determining the activity of 239Pu and 240Pu isotopes to achieve a proper 
efficiency calibration for individual particles. All except one of the Irish Sea particles were 
examined with respect to morphology, size and surface elemental composition by SEM-EDX. 
The obtained information was qualitative, as no peak modeling to achieve quantitivity was 
performed. 
The use of synchrotron radiation based µ-XRF spectrometry provided information on 
elemental composition at greater depths in the particles. The elemental maps produced from 
the fluorescence intensities illustrated the structure of the particles. Scanning over the 
particles with an SR beam of 20 µm spatial diameter revealed the uniform distribution of 
uranium in the Irish Sea particles and of uranium and plutonium in the Thule particles. In the 
case of the Runit Island particles, however, structural differences were observed between the 
smaller plutonium particles and the larger particles with the Si/O-rich matrix. These findings 
were supported by the attenuation behavior of americium photons in the two types of 
particles, measured by gamma-ray spectrometry. 
SR-µ-XANES spectroscopy was applied to particles from sediments of the Irish Sea 
and Thule, in order to determine the oxidation states of uranium and of uranium and 
plutonium, respectively. In the particles of both origins, uranium was found to exist mainly as 
U(IV). Two of the four Thule particles contained plutonium mainly as Pu(IV), the other two 
mainly as Pu(VI). Studies on oxidation states of particle matrix elements are important in 
assessing the mobility of elements in their environment. The observed higher Pu oxidation 
state in two of the Thule particles creates a potential for faster weathering of plutonium. 
However, before we can conclude about the solubility of the redox sensitive elements, 
uranium and plutonium, in their authentic environment, leaching experiments should be 
performed in relevant environmental conditions. 
The origin of the particles was determined from information obtained by different 
methods. From the number of alpha tracks observed in SSNTD films, the presence of 
plutonium in the particles, and the low Th/U intensity ratios determined by SR-µ-XRF 
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 spectrometry, the two particles from Irish Sea sediments were concluded to be nuclear fuel 
debris from the Sellafield plants. The low 240Pu/239Pu atom ratio in the Runit Island particles, 
determined by gamma-ray spectrometry and SIMS and the activity composition measured by 
gamma-ray spectrometry indicated that these particles were fuel fragments from a safety test 
or a test with low fission yield. Variations in 241Am/238+239+240Pu activity ratio measured by X-
ray and gamma-ray spectrometry, and varying intensity ratios determined by SEM-WDX and 
SR-µ-XRF spectrometry, indicated that at least plutonium in the particles from Thule 
sediments was from more than one source. 
Overall, the work demonstrated the effectiveness of combining different analytical 
and microanalytical techniques in the study and characterization of environmental radioactive 
particles. Because the techniques are non-destructive, the particles are left intact and suitable 
for further examination. On the basis of the experience obtained in the present work following 
conclusions about suitability and specific features of different methods can be made: 
 
• Separation and localization of particles 
o sample splitting method + beta camera 
? fast and robust method for 241Am-active samples 
o SSNTD 
? generally suitable for alpha active particles, also for lower activities 
 
• Determination of activity 
o gamma-ray spectrometry 
? detected activity from the whole particle 
? information on particle structure 
? high uncertainties with low-energy photons of low activities 
? detection of fission products (137Cs) in assessment of origin 
 
• Determination of isotopic ratios 
o gamma-ray spectrometry 
? ratios relative to the whole particle 
? ratios from low-energy photons of low activity with high uncertainties 
o SIMS 
? ratios relative to particle surface 
? isotopic ratios with high precision 
? sensitive to particle size (charging effects) 
? problems with covered particles 
? destructive with higher beam intensities 
- reaches deeper layers of particle 
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 • Visualization, morphology, surface composition 
o SEM-EDX, SEM-WDX 
? information from particle surface 
? SEM: particle shapes and size distribution 
? EDX: surface elemental composition, fast screening 
- low energy resolution, overlap of spectral lines 
? WDX: surface elemental composition, high-resolution spectrum 
- low detection limits, low efficiency 
 
• Elemental distribution and ratios 
o SEM-WDX 
? high resolution, determination of elemental ratios 
? information from particle surface 
o SR-µ-XRF 
? information depth great due to SR 
? elemental maps from intensity data, intensity ratios 
? information on particle structure from elemental maps 
? low spatial resolution, microstructural information 
o SR-µ-XRFT 
? detailed 3D elemental distribution 
? good resolution 
? low detection limits 
? difficulties in attenuation modeling 
 
• Oxidation states of matrix elements 
o SR-µ-XANES 
? information depth great due to SR 
? good spatial resolution 
? relative oxidation states 
? stability of calibration standards? 
 
 In the case of the second main task of the work, i.e., the development of on-line 
chromatographic separation methods for americium and plutonium, methods were succesfully 
developed for separating americium from environmental samples and plutonium and 
americium from tracer solutions. Both methods are based on the same principle: an HPLC 
pump is applied together with three chromatographic columns. Analysis time and sample 
handling are drastically reduced relative to the ‘classical’ separation methods, such as anion 
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 exchange, which are generally applied in the analysis of plutonium and americium. Moreover, 
the on-line nature of the methods makes automation feasible and reduces the risk of cross-
contamination. 
In the procedure designed for americium, the different separation methods used 
include Ca-oxalate co-precipitation, extraction chromatography, cation exchange and ion 
chromatography. In the final stage of the procedure the radiochemically pure americium 
eluate is measured by alpha spectrometry. The method was tested with certified sediment and 
soil samples and found to be applicable for the analysis of environmental samples containing 
a wide range of 241Am activities. Further work relative to quality assurance needs to be done 
to validate the method and allow it to become an established laboratory procedure. 
The method developed for americium was modified to provide a simultaneous 
separation of plutonium. During the separation process, Pu is reduced to trivalent oxidation 
state with reducing agents. After the extraction chromatography, cation exchange and ion 
chromatography, the radiochemically pure, separate eluates of plutonium and americium are 
measured by alpha spectrometry. 
The two parts of the work, i.e., studies on environmental particles and development of 
methods for the separation of actinides, are supportive of each other since radiochemical 
separations of plutonium and americium are essential in particle studies, as when leaching is 
carried out. 
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